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ABSTRACT OF THE DISSERTATION 
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One of the key issues in the field of catalysis is to relate the catalyst 
structure/composition to its activity/selectivity.  One way to understand this relationship 
is to understand the individual role each catalyst component plays in the chemical 
reaction.  Industrial catalysts can be extremely complex in structure and to understand 
their reaction kinetics, researchers often study simpler surfaces such as single crystals 
using surface science techniques.  This introduces a well-known problem in the field of 
catalysis commonly referred to as the “pressure and materials gap.”  Typically, industrial 
catalyst research is performed under process conditions, which means operating pressures 
of one atmosphere or higher.  Under these conditions, it is difficult to extract intrinsic 
kinetic properties of the catalyst which are properties that are directly related to the 
   iii 
 
catalyst structure and composition.  To find these intrinsic kinetic properties, scientists 
turn to surface science techniques using different types of spectroscopic tools to study 
reaction properties on single crystal surfaces under ultra-high vacuum (UHV) conditions.  
Experiments using single crystals and surface science techniques have helped establish 
that some crystal planes are more active and/or selective than others.  Although surface 
science approaches are successful in obtaining fundamental information on a variety of 
catalytic reactions on the atomic level, current catalytic reactions are still carried out 
under atmospheric pressures or greater and on much more complex materials than single 
crystal surfaces.     
 
This dissertation introduces a new approach to characterize catalysts that vary in 
compositional/structural complexity in order to understand their performance in a 
conventional reactor/reaction environment under both atmospheric pressure and ultra-
high vacuum conditions.  Experiments performed under both pressure regimes were 
carried out using the same apparatus, the Temporal Analysis of Products (TAP) reactor.  
The catalysts under investigation are bulk transition metals (Pt), transition metals 
deposited on metal oxide supports (Pt/SiO2), and mixed metal oxides (VPO).  The 
catalysts are applied to two types of reaction systems, CO oxidation and selective 
oxidation of hydrocarbons.  The goal of the experiments is to understand and distinguish 
the role of each component of the catalyst during chemical reaction.  Using the TAP 
reactor, the number of active sites, reaction mechanisms, adsorption/desorption rate 
constants, and rates of reaction can be determined.   
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Chapter 1 
Introduction and Motivation 
1.1 Heterogeneous Catalysis 
Catalysis is the key to chemical transformations.  Wilhelm Ostwald first introduced the 
definition for catalysts in 1895, which stated “catalysts are substances which change the 
velocity of a reaction without modification of the energy factors of the reaction [1].”  
Catalysts control the rates at which chemical bonds are formed and broken, and make 
possible the efficient transformation of raw materials into desired products with minimal 
input of energy.  In addition to accelerating the rate of reactions, catalysts can also 
influence the selectivity of chemical reactions.  Selectivity is the measure of the 
percentage of reactants converted to useful products.  Often times in industry, selectivity 
is favored more over the catalytic activity.   
 
Catalysts are extremely valuable to the production industry by enabling reaction 
chemistries for a variety of processes and products including chemicals, petroleum 
products, pharmaceuticals, rubber and plastics, and environmental protection through the 
prevention of harmful emissions in automobiles, among many others.  Also, enzymes, 
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nature’s catalysts, are responsible for essentially all biological reactions.  Catalysts have 
been successfully used in the chemical industry for more than 100 years, and 
approximately 90 percent of all chemicals produced in newly developed processes 
require the aid of catalysts [2].  One of the important things to realize is that everyone is 
directly or indirectly involved in some aspect of catalysis in their everyday life.     
 
The field of catalysis is generally separated into two categories, homogeneous and 
heterogeneous (solid-state) catalysis.  Heterogeneous catalysis is more widely practiced 
and dominates 90 percent of industrial chemical processes.  Therefore, it will be the focus 
of this dissertation.  Heterogeneously catalyzed reactions are composed of purely 
chemical and purely physical reaction steps.  In order for the catalytic process to take 
place, the reactants must be transported to the active centers on the catalyst surface by 
diffusion.  Adsorption of the reactants occurs on the catalyst surface via chemical 
adsorption (chemisorption) or physical adsorption (physisorption).  The chemical reaction 
occurs on the catalyst surface at an active site when reactants interact to form a product.  
Desorption of the product from the catalyst surface then takes place, and the products 
through diffusion are transported away from the catalyst surface and into the gas phase.  
The steps described in the catalytic reaction process are illustrated in Figure 1.1. 
 
Catalysis is a cyclic process in which reactants are bound to one state of the catalyst, and 
the products are released from another state, regenerating the initial catalytic state.  The 
cycle then repeats again as more reactants are introduced.  It was previously assumed that 
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the catalyst remained unchanged during the course of the reaction; however, it is now 
known that the catalyst is involved in chemical bonding with the reactants during the 
catalytic process.  Owing to competing reactions on the catalyst surface, the catalyst can 
undergo chemical changes and over time its activity decreases resulting in catalyst 
deactivation.  Because of this, catalysts have to be regenerated or eventually be replaced.  
 
 
 
 
 
 
Figure 1.1 Catalytic cycle. 
 
 
Although the field of catalysis has been established many decades ago, the catalyst 
development process is not an easy process.  Catalyst development for realistic, industrial 
processes still relies mainly on empirical and trial and error methods with many years of 
research before a catalyst can be commercialized.  Figure 1.2 shows a simple schematic 
of the Catalyst Development Cycle (CDC) that can be expected in catalyst research.  In 
the first step of the CDC, candidate materials are selected to be tested as catalysts.  In 
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step two, the materials are synthesized.  In steps three and four, the materials are tested 
for catalyst activity and selectivity, and characterized structurally.  The CDC includes a 
decision path which can be reached through steps three and four.  This path represents a 
key cycle in the CDC, and provides crucial performance information used to determine if 
the cycle can be exited.  The output of one CDC cycle may result in postulating new 
starting materials to serve as the catalyst, the addition or alteration of one or more 
components to the already existing catalyst, a new catalyst preparation method, or in very 
few cases, a finalized catalyst will emerge.  Generally, a large number of iterations, often 
involving the preparation and modification of thousands or tens-of-thousands of catalyst 
samples, precede the finalization of a new catalyst formulation.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Schematic of catalyst development cycle (CDC). 
 
 
Since most catalysts involve multi-component compositions, the number of possible 
combinations and structures can be staggering, and years of iteration still may not 
produce a commercially viable catalyst.  Two general strategies have been proposed in an 
1. Postulate 
Catalyst 
2. Catalyst 
Preparation 
3. Kinetic 
Characterization 
4. Structure 
Characterization 
What next? New Catalyst 
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effort to accelerate the rate of catalyst invention when fundamental guidance or previous 
data is either absent or has failed to produce a viable catalyst candidate.  The first strategy 
is focused on decreasing the CDC cycle time by decreasing the time it takes to synthesize 
and evaluate the performance of new catalyst samples.  The second strategy is focused on 
making the CDC more efficient by increasing the quantity and quality of information 
obtained in each cycle.  The catalyst development and characterization approach 
proposed in this dissertation will be a combination of the above two strategies by 
decreasing the time to evaluate the performance of the catalyst samples and increasing 
the quantity and quality of the information obtained from the kinetic characterization.  
The ultimate goal in heterogeneous catalysis is to understand and relate how the 
composition of the catalyst affects its kinetic performance.  The following section will 
detail types of experiments used in industry and academia to study heterogeneous 
catalytic systems.  In order to make the catalyst development process more efficient, it is 
necessary to combine through an integrated multi-scale approach the development of 
novel reactors, characterization of molecular level kinetics, characterization of particle 
and reactor kinetic/transport processes, and bridging the gap between the molecular level 
and process reactor scales.     
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1.2 The Study of Catalytic Systems 
1.2.1 Steady-State Experiments 
Steady-state experiments are typically used to study practical catalysts at reaction or 
process conditions in conventional industrial type reactors such as the continuously 
stirred tank reactor (CSTR) or the plug flow reactor (PFR).  Temkin originally proposed 
the idea of the CSTR in 1950 for the purposes of extracting kinetic information from 
industrial heterogeneous catalytic reactions with the assumption of no concentration or 
temperature gradients [3].  The CSTR achieves uniformity and perfect mixing in the 
catalyst zone by a combination of steady, continuous flow of reactants and products 
simultaneously, and turbulent flow within the stirred tank.  Due to the well-mixed nature 
of the CSTR, temperature and composition of the reaction mixture are assumed to be 
uniform in all parts of the vessel and are the same as the exit flow.  The transport in and 
out of the CSTR is assumed to be purely convectional flow.  Although the CSTR is a 
simple and relevant technique for steady-state kinetic studies [4], there are several 
limitations to this method.  The first is that a CSTR typically operate at low conversions, 
especially for highly exothermic reactions.  The second limitation is the unreliability of 
non-steady-state kinetic information provided by CSTR experiments.  This unreliability 
is caused by the non-uniformity of CSTR hydrodynamics in the non-steady-state regime 
[5].   In fact for such a regime, it is difficult to even estimate non-uniformity in the 
catalyst zone under working conditions. 
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Similar to the CSTR, traditional PFR experiments only provide kinetic information 
related to the rate-determining step(s) of a complex catalytic reaction, and do not provide 
detailed mechanistic information.  Modifications to the CSTR and PFR were made in 
order to perform non-steady-state experiments on the systems to gain insight into more 
detailed catalyst kinetic information.  Non-steady-state experiments in the CSTR were 
proposed by Bennett [6] using Eigen’s relaxation model [7].  However, to greater success 
was the modification of the traditional PFR into the “differential PFR,” which was 
introduced more than 40 years ago by Kobayashi and Kobayashi [8].  A PFR experiment 
can provide a wealth of non-steady-state kinetic information using step-response or wave 
propagation techniques.  In the differential PFR, the catalyst zone is made very thin to 
minimize any concentration gradients and keep the catalyst zone uniform (conversion is 
also made small).  By doing this, the differential PFR approximates the transport factors 
(convective flows) in the reactor in a linear fashion, and the reaction rate is calculated as 
a function of the spatial average reactant concentration in the catalyst zone.  Non-
uniformity in a differential PFR is mostly a result of reaction.  In order to maintain a 
reasonable uniformity within the catalyst zone, the differential PFR should not be 
operated at conversions higher than 15-20 percent [9].  
 
An issue with performing CSTR and PFR experiments is that there is no technique that 
can be used to directly monitor the catalyst surface composition.  In situ catalyst 
characterization using spectroscopic techniques can be used, however, under reaction 
conditions, the catalyst structure and composition is constantly changing when exposed to 
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the reactant gas making the process difficult and insufficient.  Therefore, in order to 
directly relate the intrinsic catalyst kinetic properties to its structure and composition, 
there is a need to utilize non-steady-state kinetic tools to study catalytic systems. 
1.2.2 Non-Steady-State/Transient Experiments 
In comparison to steady-state experiments, transient experiments have the potential to 
provide intrinsic reaction kinetics, provide detailed information on the individual 
mechanistic steps of a reaction, and obtain kinetic information in a much faster way.  
Also, many real-life catalytic processes are transient in nature where the catalysts 
experience a cyclic exposure to different conditions.  For example, some common cyclic 
catalytic processes include fluid catalytic cracking [10], selective oxidation of butane to 
maleic anhydride [11, 12], oxidative propane dehydrogenation [13], lean-rich cycles for 
NOx release-reduction in diesel exhaust [14], and the treatment of exhaust gas in the start-
up and shut down of automobile engines [15, 16].   
 
Non-steady-state or transient experiments are characterized by introducing a transient 
into a reacting system by rapidly changing one or more of the state variables, such as 
concentration, (partial-) pressure, temperature, or flow rate, and following the temporal 
response of the system.  In transient experiments, three elements need to be considered, a 
stimulus or transient, a reaction system, and an analysis system to follow the time 
dependent response.  There are typically three types of stimuli, a step function, a pulse, 
and a time dependent function.  The most well known of the three stimuli is the step 
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function which can be found in batch reactor operation, the pulse injection can be found 
in chromatography with the injection of a reactant into an inert flow through a reactor, 
and the time dependent functions comprise of linear or periodical programmed changes 
such as in cases where the temperature or concentration is varied.  Some common 
analysis techniques to detect the response of the reaction system are mass spectrometry 
(MS) which is preferred for labeled components and/or rapid changes, gas 
chromatography (GC) for when different isomers are present, spectroscopy (IR, Raman, 
UV-vis), or a combination technique such as a differential scanning calorimetry (DSC) 
with the GC [17, 18]. 
 
There are two main types of reactor systems used for transient kinetic studies, the (semi-) 
batch reactor and the fixed-bed tubular reactor.  The (semi-) batch reactor is typically 
used for liquid-solid and gas-liquid-solid reactions.  The catalyst may be suspended in the 
liquid phase, fixed in a packed bed, or fixed on a structured support [19].  The (semi-) 
batch reactor is operated at atmospheric to high pressures.  The data obtained is usually in 
terms of the concentration versus time for the different components, at fixed pressure, 
temperature, and initial concentration.  For kinetic studies, multiple experimental runs are 
needed to explore the concentration, pressure, and temperature space.  One of the benefits 
of (semi-) batch operation is the abundant amount of data points obtained over a wide 
range of conversions using discrete sampling, GC, and HPLC analysis.  Some drawbacks 
to (semi-) batch operation are the time resolution, which is limited to minutes due to the 
large reactor volume, and catalyst deactivation tends to go unnoticed.  The deactivation 
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problem can be fixed if multiple experimental runs are performed with the same catalyst 
sample [18].  
 
Fixed-bed tubular reactors are mostly used for gas-solid reactions, although it has been 
used in liquid-solid and gas-liquid-solid reactions as well.  The time resolution for these 
reactors is on the order of 0.1 to 1 s for gas phase operation and no better than 10 s for 
liquid phase operation.  The data obtained from fixed-bed reactors depends on whether 
the reactor is operated under transient or steady-state operation.  Although transient 
techniques imply non-steady-state, it can be applied to steady-state operation of a 
catalytic reaction system as well.   Steady-state operation simply means that the reacting 
system is not disturbed by the stimulus.  An example of a transient technique under 
steady-state operation is the Steady-State Isotopic Transient Kinetic Analysis (SSITKA) 
[20, 21].  In this experiment, an isotopically labeled species is introduced into the 
reacting system via a step change or a pulse injection.  The total concentrations of 
reactants, products, and intermediates do not change, only their isotopic composition 
changes.  Also, the catalyst does not undergo any change in conditions.  For transient 
operation, the data obtained from fixed-bed reactors at a certain fixed space time, 
temperature, and pressure gives the temporal evolution of the exit composition under 
varying operating conditions.  For steady-state operation as in the case of SSITKA, the 
data obtained is the temporal evolution of the isotopic composition and the composition 
at the reactor exit which is the same as the given inlet concentration.  With careful data 
analysis, reaction mechanisms, rate constants of elementary steps, concentration profiles 
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of surface species along the reactor bed, kinetics, diffusion, and titration of surface 
species and surface sites can all be obtained in fixed-bed reactor experiments.  Also, 
catalyst deactivation can be directly monitored [18]. 
 
One type of fixed-bed tubular reactor that will be the focus of this dissertation is the 
Temporal Analysis of Products (TAP) reactor system [22, 23].  The TAP experiment is a 
transient vacuum pulse response experiment capable of providing precise kinetic data for 
the elementary reaction steps of a complex catalytic mechanism.  Under ultra-high 
vacuum conditions, transport through the reactor bed is dominated by Knudsen diffusion, 
thus excluding all gas-phase reactions.  The TAP system has been used to study a variety 
of important heterogeneous catalytic reactions and transport in porous catalytic materials 
[24].  The standard TAP microreactor has been used with a variety of materials (metals, 
bulk and supported metal oxides, porous materials), and different catalyst geometries 
(particles, foils, wires, grids, fibers, gauzes, crystals).  Fundamental studies using the 
TAP system have elucidated details of reaction mechanisms of hydrocarbon cracking and 
reforming reactions [25], the hydrogenation of acrolein using supported silver catalysts 
[26], oxidation reactions, and environmental catalysis.  Using the TAP "pump-probe" 
experiment and isotopic reactants, important insights have been obtained into the role of 
adsorbed and lattice species in the oxidative dehydrogenation of propane [27, 28], 
oxidative coupling of methane [29], production of syngas from methane [30], 
ammoxidation of propane [31], toluene [32], and n-butane [33], and ammonia oxidation 
[34].  The TAP experiment has also been applied to environmental problems, including 
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soot oxidation [35], SCR of toxic NOx gas from automobiles [36], testing catalysts for the 
storage of NOx [37], N2O abatement [38], VOC oxidation [39], and CO oxidation [40-
43].  Detailed reaction kinetic theory has been developed over the years to obtain intrinsic 
kinetic parameters based on a moment analysis of transient response data.  Reactor 
transport properties have also been studied extensively taking into account how catalyst 
position, temperature, and diffusion coefficients affect gas molecule transport behavior.  
TAP theoretical studies have led to practical microreactor configurations, the most recent 
being the single particle reactor [43] in which concentration and temperature gradients in 
the catalyst bed are assumed to be negligible.  A detailed discussion of the TAP apparatus 
and experiments will be discussed in Chapter 3. 
1.2.3 Surface Science Experiments 
There are many advantages to studying heterogeneous catalysis using surface science 
techniques at ultra-high vacuum (UHV) conditions such as the availability of a variety of 
modern surface spectroscopies to detect and visibly monitor structural and compositional 
changes on the single crystal surfaces during the course of reaction and to identify any 
relevant surface species.  Typically, surface science techniques use temperature 
programmed desorption (TPD) or molecular beam scattering experiments to find catalyst 
kinetic parameters or relate structure sensitivity to catalyst activity.  TPD experiments 
typically start with a reactant gas or a mixture of gases already adsorbed onto a cold 
single crystal.  The single crystal surface is then heated at a controlled programmed rate.  
The reactant gases that are adsorbed onto the single crystal surface will start to react as 
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the surface is heated and a mass spectrometer measures the amount of product that desorb 
off the surface.  In molecular beam scattering experiments, a beam of atoms or molecules 
is directed at a single crystal surface and the scattered beam is analyzed.  The reactant 
beam is modulated so that the reactant and product beams can be differentiated in time.   
 
One example of a common surface science techniques used for single crystal studies is 
Auger electron spectroscopy (AES).  AES determines the composition of the surface 
layers of a sample by measuring the energy of electrons emitted from that surface when it 
is irradiated with electrons of energy in the range 2–50 keV.  The electrons emitted from 
the surface will have energies characteristic of the element from which they were emitted 
from, and sometimes this information can be used to find the bonding state of those 
surface atoms [44].  Pt single crystal studies using AES have found that certain Pt single 
crystal surface orientations exhibit surface structure transformations during the course of 
reaction (CO oxidation) under isothermal and low pressure conditions.  For example, 
studies have shown that clean Pt(100) and Pt(110) single crystal surfaces exhibit changes 
in surface atom orientations and this reconstruction of the surface stops only when a 
critical CO coverage is reached.  The switch between surface reconstructions also 
changes the Pt single crystal activity from a state of low activity to a state of high activity 
on the non-reconstructed surface.  The difference in activity between the reconstructed 
and non-reconstructed single crystal surface phases is a result of different oxygen sticking 
coefficients [45].  Similar experiments performed on the Pt(111) single crystal surface 
show no surface structural changes under the influence of gas interaction [46].  The 
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reason for this could be that the Pt(111) surface is much more densely packed with atoms 
on its surface than the Pt(100) or Pt(110) so there is less space on the surface for any 
atom reconstruction to take place.  From these results, it is hypothesized that on 
polycrystalline and supported catalysts, activity and catalytic behavior during reaction 
conditions is a result of the synchronization between various parts of the surface.  
However, whether specific catalytic activity is associated with catalyst surface atoms, 
bulk structure, surface micro-facets, particle sizes, or support interactions is still difficult 
to determine.   
 
One criticism of surface science techniques has been that it is not applicable to real 
catalytic reaction conditions which are typically carried out under atmospheric (or higher) 
pressures and with far more complex surfaces than single crystals.  This is commonly 
referred to as the so-called “pressure and materials gap.”  In past years, attempts to bridge 
the “pressure and materials gap” has been in progress by combining in a single apparatus 
the ability to measure kinetics on a single crystal under both UHV and elevated pressures 
[47].  In these combined UHV/high-pressure studies, a well-defined single crystal plane 
is used to model a site or set of sites that are existent on a practical high surface area 
catalyst.  The combined methods has allowed for the direct comparison of reaction rates 
measured on single crystal surfaces to those measured on more practical catalysts as well 
as detailed catalyst structure sensitivity studies and effects of promoters/inhibitors on 
catalytic activity [48]. 
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1.2.4 Pressure and Materials Gap 
Two general experimental approaches using different forms of catalytic materials are 
used in heterogeneous catalysis research.  The "model catalyst" approach employing 
materials with well-defined surfaces, such as metal single crystals, provides a direct 
method of linking surface structure to elementary steps in a catalytic process.  A well-
known example is the measurement of sticking coefficients on different crystal planes of 
noble metals [49, 50].  The second approach, which can be called the "practical catalyst" 
approach, is the basis for most industrial catalyst development.  Practical catalysts 
include supported metals, mixed metal oxides, and zeolites.  The "practical catalyst" 
approach involves the systematic synthesis, testing, and characterization of numerous 
catalyst samples.  In general, practical catalysts have complex ill-defined surfaces, and 
the active surface structure cannot be directly identified.   Also, the measurement of 
catalytic activity under process conditions does not provide a direct link between 
structure and activity.  In addition, the composition of a practical catalyst can change 
under the influence of the reaction medium resulting in a change in its properties.  
Consequently, practical catalyst development is hampered by a lack of fundamental 
information on the composition and structure of the catalytic phase or catalytic site.  
  
Information from model catalyst studies is intended to provide guidance in the 
development of practical catalytic materials.  However, the application of fundamental 
information has not been straightforward, since there is a significant "gap" between the 
conditions of "real world" catalytic processes, and those of model reaction studies.  
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Bonzel [51] was the first to discuss the problem and coined the term "pressure gap" to 
emphasize the 1012 difference in reactant pressures.  Practical and model catalyst 
experiments are also separated by a “materials gap” arising from the differences in 
structural and compositional complexity of catalyst samples.  The materials gap presents 
a significant problem since the interplay of bulk and surface and the complex interactions 
of different constituents in practical catalysts are not easily reducible to a set of simple 
individual interactions.  It is questionable whether results obtained at vacuum conditions 
on a set of well-defined uniform surfaces can be extrapolated to practical materials 
operating at atmospheric pressures, unless the uniform and practical samples can be 
directly compared experimentally. 
1.2.5 Interrogative Kinetics 
Interrogative kinetics [23] is a kinetic approach utilized by the TAP reactor system that 
attempts to systematically probe a variety of different states of the catalyst surface, and to 
understand how one state evolves into another state.  There are two types of experiments 
in interrogative kinetics which are performed in sequence to reveal complex reaction 
mechanisms and structure-activity relationships.  The first experiment is the ‘state-
defining’ experiment which provides kinetic information (i.e. rate parameters of 
adsorption and desorption) that can characterize the catalytic state but does not perturb 
the state of the catalyst.  The second experiment following the ‘state-defining’ 
experiment is the ‘state-altering’ experiment which changes the catalyst composition in a 
controlled manner.  To complete the sequence, another ‘state-defining’ experiment is 
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performed to characterize the new state of the catalyst.  For example, the surface kinetic 
properties (conversion, selectivity, activation energy, reaction rate constants, 
adsorption/desorption behavior, number of active sites, oxidation state) of a selective 
oxidation catalyst such as vanadyl pyrophosphate (VPO) can be measured using 
interrogative kinetics by incrementally probing the catalyst surface from an oxidized to a 
reduced catalytic state.     
 
Interrogative kinetics is based on the application of high-speed transient TAP pulse 
response experiments in conjunction with traditional kinetic experiments such as steady-
state experiments, TPD, and step-transient experiments.  The interrogative kinetics 
approach uses a series of kinetic measurements to probe the kinetic characteristics of a 
catalyst surface, and then monitors how these kinetic characteristics change as a function 
of changing reaction conditions such as temperature, pressure, surface coverage, and 
reactant composition.  By performing multiple experiments on a single catalyst sample, 
the kinetic characteristics can be used to understand the structure of the catalytic sites as 
well as construct a model of the reaction mechanism.  In addition to serving as an 
experimental methodology, interrogative kinetics also provides a special theoretical 
analysis of the kinetic information.  The theory provides for the fast interpretation of 
kinetic data, distinguishes between different reaction mechanisms and kinetic cases, and 
rapid extraction of kinetic parameters using a moment-based analysis technique.   
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1.3 Applications of Simple to Complex Catalysts 
Two types of catalytic systems will be explored in detail in this dissertation.  The first 
system consists of a simple catalyst, a single platinum (Pt) particle, subjected to the CO 
oxidation reaction.  The second catalytic system that will be studied is the selective 
oxidation of hydrocarbons (furan) on a much more complex real industrial catalyst, 
vanadyl pyrophosphate (VPO) which is a mixed metal oxide.  The goal of this project is 
to create an experimental methodology using the TAP reactor to understand the catalyst 
development and characterization process in a much simpler manner.  Also, the work 
presented in this dissertation provides for new advances in microreactor design, 
understanding transport processes in the reactor bed, and bridging the gap between 
surface science and industrial research.  
1.3.1 CO Oxidation on Platinum (Pt) 
The CO oxidation reaction is a model reaction because it is fairly simple and widely used 
in both research and industry.  The CO oxidation reaction represents one of the key steps 
in the overall reaction of 2NO + 2CO → N2 + 2CO2 which is one of the major pathways 
for the conversion of NO to N2 in automobile three-way catalytic converters.  Also, the 
CO oxidation reaction is an ideal reaction to demonstrate the relationship between UHV 
and high-pressure kinetic studies.  Many of the mechanistic steps of the CO oxidation 
reaction such as reactant adsorption/desorption, surface reaction, and product desorption 
has been studied in detail using UHV surface science techniques and many of the reaction 
parameters found can be directly applied to kinetics at high pressures [52].   
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There is debate as to the exact reaction mechanism for the CO oxidation reaction.  In a 
review by Engel and Ertl [53], the individual reaction steps for the reaction are listed 
below: 
 CO  COads   (1.1) 
O2  2Oads   (1.2) 
COads + Oads  CO2  (1.3) 
CO + Oads  CO2  (1.4) 
2COads + O2  2CO2  (1.5) 
The individual reaction steps are made on the assumption that all oxygen adsorbs 
irreversibly and dissociatively on the platinum surface, which is valid for all platinum 
group metals at temperatures above 100 K [54].  Recombination and desorption of 
adsorbed oxygen atoms only take place at temperatures above 700 K [53].  Equation 1.3 
shows reaction of the Langmuir-Hinshelwood mechanism, which involves the adsorption 
of both CO and atomic oxygen on the catalyst surface.  The product, CO2, is formed 
when reactants, CO and oxygen, are in the chemisorbed state.  Under both atmospheric 
pressure and high vacuum conditions, CO predominantly covers the catalyst surface and 
the reaction rate is determined by the rate at which CO desorbs off the surface.  Oxygen 
adsorption is limited to available sites where CO has desorbed.  As reaction temperature 
increases, the reaction rate increases also allowing for more available sites for oxygen 
adsorption due to the higher CO desorption rate.  Equations 1.4 and 1.5 are of the Eley-
Rideal mechanism, which states that CO2 is formed from gas-phase oxygen or CO 
striking surface adsorbed CO or oxygen, respectively.  In the review by Engel and Ertl 
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[53], it is assumed that the only relevant reaction model for CO oxidation over platinum 
under steady-state conditions is the Langmuir-Hinshelwood mechanism.  Therefore, only 
the reaction steps indicated by Equations 1.1-1.3 are relevant.  However, in a study by 
Bonzel and Ku [55], they state that at temperatures greater than 473 K, the CO2 
production rate is not inhibited by a high CO surface coverage, possibly indicating an 
Eley-Rideal reaction mechanism.   
 
It is generally accepted that the CO oxidation reaction proceeds by the Langmuir-
Hinshelwood mechanism [53, 56].  CO2 formation occurs via the reaction of chemisorbed 
CO with adsorbed atomic oxygen.  When both species are in low concentrations on the Pt 
surface, the activation energy for the CO oxidation reaction is approximated to be 96.4 
kJ/mol (24.1 kcal/mol).  For high oxygen concentrations on the Pt surface, the activation 
energy decreases to 46.8 kJ/mol (11.7 kcal/mol).  This data is found for a Pt(111) single 
crystal surface [57, 58]. 
 
There is a vast amount of information in the literature regarding CO oxidation studies on 
different types of platinum materials such as Pt metal, nanoparticles, supported Pt 
catalysts, and Pt single crystals under both UHV and high-pressure conditions.  Although 
the CO oxidation reaction is quite simple compared to other heterogeneously catalyzed 
reactions, there are many aspects of the reaction that are complex such as size 
dependence of Pt particles on catalytic activity [59], temperature hysteresis [60], island 
formation [61], kinetic oscillations [62], and the role of subsurface oxygen [63], just to 
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name a few.  For example, in the case of temperature hysteresis, it was found that with 
two samples of Pt deposited on Al2O3 with a weight percent of 0.5% and 0.6% Pt, the 
width of the hysteresis loop depends on the activity of the catalyst.  The catalyst with the 
lower activity, 0.5% Pt on Al2O3, exhibited a smaller hysteresis loop width.  However, 
when the catalyst is changed to a Pt foil, no temperature hysteresis was observed.  One of 
the reasons why temperature hysteresis was not observed with the Pt foil is that Pt foil is 
a bulk metal that exhibits good heat conductivity, favoring intense energy dissipation.  As 
a result, the overheating of active centers on the Pt foil is minimal, and the conversions 
on the ascending and descending branches of the curve coincide closely as the same 
average temperature [60].  For Pt supported catalysts, the support may play a role in the 
reaction causing temperature hysteresis.  From surface science studies on single crystals, 
it was found that kinetic oscillations occur in CO oxidation due to the periodic structural 
changes of the substrate, which change the oxygen sticking coefficient and cause 
oscillations in the reaction rate.  CO adsorption is rather insensitive to the structure of a 
Pt surface; however, the oxygen sticking coefficient can vary over several orders of 
magnitude [62].   Using surface science techniques such as Low Energy Electron 
Diffraction (LEED) and Fourier Transform Infrared Spectroscopy (FTIR) on single 
crystal surfaces, it was found that oxygen and CO atoms adsorbed on Pt surfaces form 
islands.  LEED results indicate that oxygen adatoms form islands for degrees of surface 
coverage greater than 10%, and CO adatoms form islands when it is adsorbed on surfaces 
containing adsorbed oxygen.  FTIR measurements found that large CO islands formed at 
room temperature and at pressures up to 1 bar.  CO2 formation will occur at the 
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boundaries of the CO and oxygen islands as the CO and oxygen come into contact with 
each other on the Pt surface.  The surface mobility of adsorbed oxygen adatoms is much 
lower than adsorbed CO because of the strong Pt-O bond.  Adsorbed CO molecules move 
within an essentially fixed matrix of oxygen atoms.  Taking Pt(111) surface as an 
example, the activation energy for CO surface diffusion is approximately 50 kJ/mol.  
This rate is very slow compared to other similar surfaces for CO diffusion such as 
Rh(111) and Ru(001).  The slow surface migration explains the formation of CO surface 
islands.  At high reaction temperatures, the CO islands are no longer present on Pt 
surfaces due to a higher CO surface diffusion rate [61].  The above examples show that 
even though CO oxidation is considered one of the simpler reactions in heterogeneous 
catalysis, many factors need to be understood completely in order to develop a 
commercial catalyst.  Using the TAP reactor system, we can find the surface lifetimes of 
both CO and oxygen on the catalyst surface, support effects, catalyst activity, and 
selectivity for the CO oxidation reaction using both a single Pt bulk metal particle and 
supported Pt catalysts.  From these experimental results, we can deduce what the 
mechanism for CO oxidation may be on Pt and its individual mechanistic steps. 
1.3.2 Selective Oxidation of Hydrocarbons over VPO 
Selective heterogeneous oxidation catalysis is one of the most vital areas in the chemical 
industry because it produces approximately 25% of the most important industrial organic 
chemicals and intermediates used in the manufacture of industrial products and consumer 
goods. Some examples of the products include intermediates such as acrolein, acrylic 
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acid, acrylonitrile, methacrylic acid, MTBE, maleic anhydride, phthalic anhydride, 
ethylene, and propylene oxide.  Efforts are continuously being made to make selective 
oxidation processes and catalysts more efficient and environmentally friendly.  Grasselli 
[64], through his own personal experience working with selective oxidation systems for 
nearly 50 years, introduced seven fundamental principles that are useful in understanding 
the behavior of metal oxide catalysts used in selective oxidation processes.  The seven 
principles are the role of lattice oxygen, metal-oxygen bond strength, host structure, 
redox, multi-functionality of active sites, site isolation, and phase cooperation.  The first 
principle states that lattice oxygen from the metal oxide catalyst might serve as a more 
versatile and more selective oxidizing agent than gaseous O2.  The idea is to utilize the 
metal oxide catalyst as a reactant, and then re-oxidizing the catalyst at a later stage in the 
process.  The metal/lattice oxygen bond strength is also important in selective oxidation 
catalysis.  If the metal-oxygen bond is too strong, no reaction will occur.  If the metal-
oxygen bond is too weak, then over oxidation will occur which can lead to undesired 
waste products.  The metal-oxygen bond should be of intermediate strength under 
reaction conditions.  The best metal oxide catalysts with intermediate metal-oxygen bond 
strength are typically covalent and amphotheric in nature such as molybdates, 
antimonates, and vanadates.  The third principle is the host structure of the metal oxide 
catalyst.  The host structure must be pliable enough to contain the desired amount of 
lattice oxygen, accommodate the reduction of the catalyst without structural collapse, 
facilitate rapid electron transfer, vacancy, and lattice oxygen diffusion.  Examples of 
materials that would serve as good host structures would be scheelites, fluorites, rutiles, 
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and perovskites.  Metal oxides used in selective oxidation processes must also exhibit 
redox properties to replenish the removed surface lattice oxygen by gaseous O2.  The 
lattice oxygen from the bulk of the metal oxide fills an anion vacancy on the surface 
while the vacancy moves to another site, where it is ultimately filled by O2 in the gas 
phase completing the redox cycle.  Regeneration of the reduced metal oxide must be 
faster than its reduction for the system to function as a catalyst.  The fifth principle states 
that active sites on selective oxidation catalysts are generally multi-functional and multi-
metallic (mixed metal oxide).  The active sites can perform various functions in the 
catalytic reaction such as chemisorption of the reactant(s), abstraction and insertion of 
certain species from and to the substrate, or desorption of the product(s).  The site 
isolation principle states that the reactive surface lattice oxygen must be spatially isolated 
from each other in defined groupings on the catalyst surface in order to achieve 
selectivity.  The number of oxygen atoms in each grouping would determine the reaction 
channel through the stoichiometry requirements imposed on the reaction by the 
availability or lack of oxygen atoms at the reaction site.  The final principle, phase 
cooperation, states that sometimes it is necessary to design a catalyst with two or more 
phases of the host structure in order for the catalyst to carry out the necessary functions 
for the catalytic reaction.  The phases must communicate with each other and work 
together to carry out the reaction. 
 
One selective oxidation reaction that demonstrates some of the above principles proposed 
by Grasselli is the selective oxidation of n-butane to maleic anhydride (MA) using VPO 
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catalysts.  Maleic anhydride is an important intermediate used for the production of 
unsaturated polyester resins, agricultural chemicals, lubricating oil additives, and 
pharmaceuticals [65, 66].  The n-butane to MA process is currently the only industrially 
practiced heterogeneous selective oxidation reaction involving an alkane.  The selective 
conversion of alkanes to oxygenates has great practical significance because alkanes are 
lower-cost feedstocks than their olefin counterparts, and are currently under utilized.  A 
fundamental understanding of the function of VPO catalysts for the n-butane to MA 
process would be an important tool for developing new classes of catalytic materials for 
alkane oxidation [12, 23, 67, 68].   
 
The n-butane to MA reaction performs a 14-electron oxidation involving the abstraction 
of 8 hydrogen atoms and insertion of 3 oxygen atoms (Equation 1.6).   
C4H10 + 3.5O2 → + 4H2O  (1.6) 
A key unanswered question in the selective oxidation of n-butane to MA over VPO 
catalysts is the nature of the active-selective phase or phases.  Although there is evidence 
to suggest that (VO)2P2O7 is an essential element in active-selective VPO catalysts, it is 
still unclear how the (VO)2P2O7 lattice supplies the 7 oxygen atoms needed to convert n-
butane to MA.  One theory is that the oxidation primarily involves the oxygen adspecies 
that are adsorbed at vanadium surface sites, and relatively little oxidation is from the bulk 
lattice oxygen of the VPO.  This theory is based on studies measuring the amount of 
active oxygen on (VO)2P2O7, which indicate a close correspondence between the amount 
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of active oxygen and the number of surface vanadium atoms [69].  Other studies 
measuring the redox properties of supported VPO catalysts indicate that the amount of 
active oxygen can exceed the amount of surface oxygen [70].  Researchers have also 
proposed that other crystalline phases are involved in the supply of active-selective 
oxygen in the VPO system with vanadium in the +5, +4, and +3 oxidation state [71].  
Previous TAP reactor studies on the VPO system show that oxygen adspecies are not the 
only source of active-selective oxygen [67].  Also, the selectivity and activity of the 
catalyst was found to be strongly dependent on the oxygen pre-treatment conditions.  For 
example, VPO that was exposed to 10 min oxygen pre-treatment showed significant 
increases in selectivity than VPO that was only exposed to 5 min of oxygen pre-
treatment.    
 
An important feature of the VPO system is the facile formation and inter-conversion 
under catalytic conditions of the V4+ pyrophosphate (VO)2P2O7 phase and V5+ phase 
phosphates VOPO4 (αI, αII, β, γ, δ).  Studies show that the (VO)2P2O7 samples exhibiting 
predominantly the (100) face can be topotactically transformed into δ-VOPO4 and back 
again to the V4+ phase at reaction temperatures [72, 73].  Active and selective VPO 
catalysts typically have a mean oxidation state of vanadium slightly higher than 4.0 and a 
phosphorus to vanadium ratio (P/V) slightly higher than 1.0.  These characteristics are 
mostly associated with the (VO)2P2O7  phase.  Other studies have also indicated that the 
active phase may be composed of mostly the V4+ (VO)2P2O7  phase with some VOPO4 
(V5+) phase.  The formation rate of maleic anhydride is said to be strongly dependent on 
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the surface distribution and location of the V5+ sites, and the sites must be isolated in 
order to decrease the yield of the by-product, CO2 [12, 66]. 
The mechanism for the selective oxidation of n-butane to maleic anhydride over VPO 
catalysts can be partly explained by the Mars-Van Krevelen mechanism because it 
involves the participation of lattice oxygen.  In order for the n-butane to MA reaction to 
proceed, there must be enough oxygen present in the system.  According to some authors, 
there are two types of oxygen species in the selection oxidation reaction of n-butane to 
MA.  The first type is bulk oxygen species, which is involved in the n-butane/1,3-
butadiene oxidative dehydrogenation and for oxygen insertion in the MA cycle.  The 
second type is adsorbed and activated oxygen species that is responsible for oxidation to 
CO and CO2, and for the oxidation of furan to MA [66].  Patience and Lorences [11] 
proposed the following general mechanism describing the re-oxidation mechanism for the 
conversion of n-butane to MA. 
C4H10 + 3.5V5+ → MA + 3.5V4+ + 4H2O (1.7) 
MA + 2V5+ → 4COx + 2V4+ + H2O  (1.8) 
C4H10 + 5V4+ → VC4 + H2O   (1.9) 
The mechanism assumes that butane reacts with 3.5 oxidized sites to form MA, and MA 
can also react with 2 oxidized sites to form COx (carbon oxides) and water (Equations 1.7 
and 1.8).  This assumption predicts that a lower selectivity may result for catalysts that 
are highly oxidized.  In other words, there is an optimal oxidation state for the VPO 
catalyst in order to achieve maximum activity and selectivity.  In Equation 1.9, butane 
chemisorbs to the surface of a reduced site to form a vanadium-carbon complex (VC4) 
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accompanied by the evolution of one molecule of water.  The VC4 complex effectively 
passivates four adjacent V4+ sites.  For catalyst re-activation, molecular oxygen is 
assumed to react with a reduced site to form an oxidized site, and 5.5 moles of oxygen 
are required to oxidize the vanadium-carbon complex.  This oxidation results in the 
formation of four moles of COx and water, and frees five V4+ sites (Equations 1.10 and 
1.11).  
O2 + V4+ → V5+    (1.10) 
5.5O2 + VC4 → 4COx + 5V4+ + 4H2O (1.11) 
 
Figure 1.3 shows a general schematic of the mechanism proposed by Patience and 
Lorences.  The figure shows that oxygen reacts with V4+ to form V5+ or butane may react 
with V4+ to form a vanadium-carbon complex.  This schematic shows two possible routes 
for the re-oxidation of the vanadium-carbon complex.  In the first route, it was assumed 
that V5+ sites were responsible for supplying oxygen to the vanadium-carbon complex.  
In the second route, it is assumed that molecular oxygen reacts directly with the 
vanadium-carbon complex to form carbon oxides and water.  In the first route, carbon 
oxide formation occurs first followed by the re-oxidation of V4+ to V5+.  In the second 
route, V4+ is the first to be oxidized followed by the formation of the vanadium-carbon 
complex and carbon oxides [11].  The activation energy for the selective oxidation of n-
butane to MA over VPO catalysts found under steady-state conditions range from 11 to 
27 kcal/mol [12, 74].  Transient kinetic studies under vacuum conditions found that the 
activation energy for n-butane conversion to MA in the absence of gas phase oxygen 
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depends on the catalyst surface oxidation state.  The activation energy was found to be 
lower for more highly oxidized VPO samples.  It was also reported that the combined rate 
of MA formation and desorption was faster on more oxidized VPO surfaces [12, 67].        
  
 
     
 
 
 
 
Figure 1.3 Reaction pathways for re-oxidation of VPO catalyst. 
 
The selection oxidation of n-butane to MA is a very complex reaction.  In this 
dissertation, the conversion of furan (an intermediate in the n-butane to MA reaction) to 
MA will be used to explore the kinetics of the VPO catalyst under transient conditions 
using the TAP reactor system.  Experiments probing the catalyst surface under reduced 
and oxidized conditions at different reaction temperatures will give insight into the 
kinetic mechanism of the reaction, rate constants, activation energy, conversion, 
selectivity, and oxidation degree of the catalyst.     
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Chapter 2 
Objectives 
2.1 Catalyst Structure/Activity Relationship 
There are three main objectives that is the motivation behind the choice of experiments 
presented in this dissertation.  The first objective is to better understand how catalyst 
surface structure and composition is related to or affect its kinetic performance.  In 
ongoing catalysis research, it is hypothesized that some chemical reactions are sensitive 
or insensitive to certain catalyst structural compositions.  In more complex multi-faceted 
industrial catalysts, the question often resides in whether higher catalytic activity and 
selectivity is associated with the bulk metal structure or is it actually a result of the 
surface metal atoms.  By studying two types of catalytic systems of varying complexity, 
we can first try to understand a relatively simple catalytic system, CO oxidation on Pt, 
and see how activity is related to the transition metal.  For example, by performing 
experiments using a single particle of a single component polycrystalline bulk Pt metal 
catalyst, initial studies are obtained in the TAP reactor to understand bulk structural 
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properties to the CO oxidation reaction.  Once we have shown that it is possible to obtain 
kinetics from the single particle Pt bulk metal catalyst in the TAP reactor, similar 
experiments can be repeated using much more complex catalytic materials such as the 
addition of an inert oxide support or real industrial catalysts such as mixed metal oxides.  
By performing stepwise experiments with catalysts increasing in structural and 
compositional complexity, we can understand the role of each catalyst component in the 
chemical reaction.  Also, one of the advantages of using a single catalyst particle is that 
any kinetic information obtained can be solely related to the composition of that one 
catalyst particle.  Altering the composition of the single particle in a controlled manner 
and relating the kinetic change can give important insight into the structure/activity 
relationship of catalysts.   
 
The TAP reactor system is an ideal catalyst characterization tool to monitor the 
relationship between catalyst structure/composition and its performance because it allows 
the catalyst to be studied under transient conditions where the composition of the catalyst 
can be systematically altered and probed for performance.  Using the TAP “Interrogative 
Kinetics” experimental approach, a variety of catalyst surface states can be probed in a 
controlled manner to determine how one catalyst state can evolve into another.  Each 
TAP reactant pulse can give information on the activity, selectivity, 
adsorption/desorption rate parameters, number of active sites, and oxidation/reduction 
degree of the catalyst and correlate this information to the composition of the catalyst 
surface as it is incrementally altered.  Understanding the structure/activity relationship of 
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a catalytic system and creating a methodology to study this relationship in an efficient 
and fruitful manner is an important step in the development and optimization of new 
catalytic technologies, and simplifying the catalyst development cycle. 
 
2.2 Bridging the “Pressure-Materials Gap” 
The second objective of this dissertation is to develop an initial methodology using the 
TAP reactor system to bridge the so-called “pressure and materials gap” [51].  By using 
the single component polycrystalline Pt particle, experiments ranging from atmospheric 
pressure to UHV conditions can be performed in a single apparatus, the TAP reactor, to 
understand how catalyst surface coverage changes with changing reaction pressures.  It is 
predicted that as the reaction pressure is lowered, the reactant surface coverage tends to 
decrease as well.  In the case of CO oxidation, there would be less coverage of CO 
overpowering oxygen adsorption as pressure is lowered.  Studying real catalytic materials 
in a conventional reactor under both process and UHV conditions allows the researcher to 
understand how the catalyst behaves at the industrial level as well as gain insight into 
more fundamental kinetic information such as reaction mechanisms and rate parameters 
under transient, non-steady-state conditions (molecular scale).  This well-defined 
experimental procedure uses an alternate method to traditional spectroscopic surface 
science techniques that study single crystals, which are not realistic industrial catalytic 
materials, to understand kinetic interactions during chemical reaction on real catalysts.   
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2.3 Microreactor Characterization 
The third and final objective is to better understand and characterize gas transport in the 
TAP microreactor bed and minimize concentration and temperature gradients within the 
catalyst (active) zone.  In kinetic catalyst characterization, it is important to have a nearly 
uniform reactant gas concentration and catalyst composition profile within the 
catalytically active zone in a reactor.  The biggest problem in this field is to maintain high 
uniformity in the catalyst zone even in the high conversion domain.  Uniformity enables 
us to relate the observed rate of chemical transformation to the spatial average of reactant 
composition within the catalytically active zone.  This ensures that the same catalytic 
performance is achieved throughout the catalyst bed.  Spatial uniformity also provides the 
kinetic data for revealing important characteristics between catalyst surface structure and 
composition to its performance.  Qualitatively, non-uniformity can be estimated as the 
difference between inlet and outlet concentrations of the working catalyst zone divided 
by the absolute value of the average catalyst zone concentration.  Therefore, uniformity 
in the catalyst bed is greatest when the spatial concentration difference is very small 
compared to the maximum reactant concentration value.  It can be described by the 
equation (Cmax-Cmin)/Cmax.  Typically uniformity ranges between 0 and 1, with values 
closer to 0 corresponding to greater uniformity in the catalyst zone [9]. 
 
The thin-zone TAP microreactor (TZTR), proposed by Shekhtman and Yablonsky in 
1999 [9, 75-77], is an improvement in the TAP microreactor configuration to achieve 
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greater uniformity in the catalyst zone.  Under typical TAP working conditions (10-8-10-9 
torr); transport in the microreactor is dominated by Knudsen diffusion, which is mainly 
driven by a gas concentration gradient.  The magnitude of the gas concentration gradient 
is dependent on the microreactor length and the vacuum boundary condition at the 
microreactor outlet.  Under the conditions of catalytic reaction, the gas concentration 
gradient causes a surface concentration gradient inside the microreactor.  When the 
length of the catalyst bed is significant compared to the whole length of the microreactor, 
catalyst composition non-uniformity is generated within the catalyst bed [9, 75].  
Throughout TAP history there have been multiple theoretical configurations of the 
reactor to compensate and minimize the presence of the concentration gradient in the 
catalyst bed by minimizing the length of the catalyst zone [22, 23].  In the TZTR, the 
thickness of the catalyst zone was made very small in comparison to the whole length of 
the microreactor.  TZTR in some extent is similar to the differential PFR, although the 
transport regime in a TZTR (diffusional flow) is very different from the transport regime 
in a differential PFR regime (convective flow).  Non-uniformity in the TZTR can be 
attributed to two factors: the applied concentration gradient, which drives diffusion and is 
present even when no reaction occurs, and chemical reaction, which changes the 
concentration profile in the catalyst zone [9, 76].  The TZTR for a wide range of 
conversions (up to 75%), provides a non-uniformity level not higher than 20%.  
However, at very high conversions (higher than 80%), even the TZTR cannot guarantee 
uniformity in the catalyst zone.  So the next logical progression from the TZTR would be 
to make the catalyst zone even smaller to increase uniformity and conversion. 
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By transitioning to the single particle microreactor configuration, non-uniformity in the 
catalyst composition and temperature profiles within the microreactor bed can be 
assumed to be negligible because there is only one catalyst particle.  A single particle can 
also be moved to different axial and radial positions and the influence of catalyst position 
on kinetic characteristics can be explored.  Also, kinetic information obtained can be used 
to model the microreactor from a 3-dimensional standpoint.    
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Chapter 3 
Experimental Description 
3.1 The TAP Reactor 
The TAP (Temporal Analysis of Products) reactor system was first patented by the 
Monsanto Company in 1986 as a novel device for studying the kinetics and mechanisms 
of heterogeneous catalyzed gas phase reactions by using a transient response technique 
with submillisecond time resolution [78].  Two years later in 1988, open literature 
publications by Monsanto catalyst scientists described how the TAP reactor system was 
used to elucidate the mechanisms for several heterogeneous catalytic reactions having 
commercial significance [22, 79].  Particular reactions that were studied included n-
butane oxidation to maleic anhydride over vanadium-phosphorus oxide (VPO) catalysts, 
propylene oxidation to acrolein over bismuth-molybdates, methanol ammoxidation to 
HCN over MnPOx and FeMoOx, and ethylene epoxidation over silver metal [80, 81].  In 
1989, Monsanto granted an exclusive license to manufacture and sell a commercial 
version of the TAP reactor to Autoclave Engineers of Erie, PA.   Later in that same year, 
DuPont became the first chemical company in the United States to purchase a TAP 
reactor from Autoclave Engineers for the newly established Corporate Catalysis Center in 
   37 
 
Central Research and Development [79].  Later, the TAP-1 system was redesigned and 
simplified and eventually developed into the TAP-2 reactor system [23], which was 
commercialized by Mithra Technologies.  The TAP-3 system retains the basic design of 
the TAP-2, but is a fully automated instrument that can be operated either locally or 
remotely via the Internet. 
3.1.1     Apparatus Description and Operation 
Figure 3.1 presents a simplified schematic of a TAP-2 reactor system, and Figure 3.2 
shows a photograph of the newest TAP-3 reactor system.  The TAP-3 reactor is 
comprised of 1) a pulse-valve manifold assembly that supplies gas reactants for pulsed 
and flow experiments at user defined temperatures and pressures, 2) a microreactor 
assembly that can be operated isothermally or in a temperature programmed mode, 3) a 
mass spectrometer detector contained in a high-throughput ultrahigh-vacuum system, and 
4) a computer based control and data acquisition system. 
 
The pulse-valve manifold contains one continuous flow valve and four high-speed pulse 
valves that are arranged to minimize the dead volume between the valves and the 
microreactor.  The four pulse valves can be triggered simultaneously or in a programmed 
alternating sequence.  Pulse intervals can be varied from microseconds to minutes.  
Switching between feeds is accomplished electronically and can occur almost 
instantaneously.  The continuous flow valve is connected to a separate manifold 
containing four flow controllers.  The flow controllers and pulse valves can be operated 
simultaneously. 
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Figure 3.1 (A) Schematic of TAP-2 reactor system. (B) The inlet pulse in a TAP pulse response 
experiment is represented by a delta function. (C) As the pulse travels through the microreactor, it 
broadens.  The example curve compares an experimentally measured argon exit flow curve to the 
standard diffusion curve. 
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Figure 3.2 TAP-3 Reactor System. 
 
 
The TAP-3 system can accommodate microreactors of different lengths (up to 25 cm) 
and diameters (up to 2 cm), which is useful for handling a variety of catalyst forms.  A 
standard TAP microreactor is constructed of type 316 stainless steel and can be operated 
at atmospheric pressures or at vacuum conditions.  Reactors are heated electrically and 
the reactor temperature controller provides an array of control options, which include 
constant temperature operation, programmed heating or cooling at a user defined rate, 
and the ability to perform multi-step ramp-soak programs.  The standard microreactor can 
be heated to 800 °C.  Microreactors have also been fabricated from inconel and quartz, 
which allow operation to temperatures as high as 1000 °C.  
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The TAP-3 vacuum system is comprised of two chambers separated by a pneumatically 
operated gate-valve, which is closed in the standby position.  The lower chamber is 
evacuated by a 40 cm diameter diffusion pump and associated mechanical pump.  The 
chamber contains a cylindrical liquid nitrogen trap and adjustable baffle that closes when 
data is not being acquired.  The upper chamber holds the mass spectrometer and is 
pumped by a turbo molecular pump.  The background pressure in the mass spectrometer 
chamber is typically ≈ 10-9 torr. 
 
The microreactor is positioned directly above the ionizer of the mass spectrometer, and is 
attached to a movable stainless steel bellows.  A unique rotary-valve assembly is located 
between the ionizer and the microreactor.  It permits the microreactor to be operated at 
vacuum conditions or atmospheric pressures, and allows the reactor to be removed from 
the system without venting the vacuum chambers.  The reactor can be easily and rapidly 
switch from one kinetic regime to another without exposing the catalyst sample to the 
atmosphere.  When the slide valve is closed, the TAP microreactor can be operated as a 
continuous plug-flow type reactor at atmospheric or higher pressures.  In the “high-
pressure” mode, the bulk of the reactor effluent exits through an external vent.  A small 
amount can be leaked into the vacuum chamber through a variable leak valve.  The 
leaked material can be monitored with the mass spectrometer.  In high-pressure 
experiments, the mass signal usually changes relatively slowly, and can be collected in a 
scan mode.  In this mode, a complete mass spectrum can be acquired about once every 
0.25 seconds.  After performing an experiment at atmospheric pressures, the microreactor 
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can be quickly switched to vacuum conditions by opening the slide valve.  With the slide 
valve in the open position, all of the reactor effluent vents into the vacuum chamber.  The 
movable bellows allows the reactor outlet to be positioned within 2 millimeters of the 
ionizer so that most of the effluent passes through the ionizer.  As a result, very small 
inputs of gas can be detected, with a very high the signal to noise (S/N) ratio (Figure 3.3).  
The high S/N ratio allows accurate calculation of the zeroth, first, and second moments of 
the response curves, and direct determination of many important kinetic characteristics.  
For example, reactant conversion for a series of pulses can be determined from the zeroth 
moment.  This change in conversion can be related to a change in the concentration of the 
active catalytic species.  The following quantities can be directly calculated from 0th, 1st, 
and 2nd moments: Conversion, selectivity, product yield, residence time, apparent rate 
constants, apparent intermediate gas constants, and apparent time delay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Typical TAP pulse response curve with inset showing the noise magnitude in the tail 
of the response.  Signal to noise ratio is > 30,000 to 1. 
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3.1.2     The TAP Experiment 
The TAP experiment was conceived in the late 1970’s to study catalytic reaction 
mechanisms on industrial catalysts [22, 23, 78, 79].  The initial thought was to devise a 
simplified "molecular beam" experiment for multi-component catalysts (e.g., mixed 
metal oxides and supported metals) that have high surface areas and complex pore 
structures.  Molecular beam scattering (MBS) experiments [82-87] can provide 
fundamental information on surface structure, reaction dynamics, the elementary steps of 
a reaction, and the kinetic parameters of individual steps.  When used in conjunction with 
surface characterization techniques, data from the TAP experiment can establish the link 
between kinetic properties and surface structure.  On the other hand, MBS experiments 
use planar or decorated planar targets to take advantage of the spatial characteristics of 
the beam.  Industrial catalysts have complex surfaces, are composed of multi-component 
mixtures of different metal oxides or metals combined with metal oxides, and are 
generally not suitable for MBS experiments.  The goal of early TAP designs was to retain 
the time-dependent features of a molecular beam experiment, minimize gas phase 
interactions, and provide a way to extract intrinsic kinetic information from reactions on 
bulk catalysts.  The TAP experiment can be viewed as a bridge between MBS 
experiments and conventional microreactor experiments.      
  
A variety of MBS setups have been described in the literature, and they generally fall into 
two different classes: (1) systems designed to study gas-surface dynamics, and (2) 
systems designed to study the kinetics and mechanism of surface reactions [88].  Figure 
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3.4 presents a simplified diagram showing key components of a MBS apparatus.  In a 
typical experiment a well-collimated beam of molecules having a known translational 
energy is directed toward a target surface, and the velocity and angle distributions of the 
scattered molecules are measured.  Molecular beam experiments are performed under 
single collision conditions so that reactant molecules collide once with the target surface 
but not with each other.  The observed distributions contain dynamic information, which 
describes the process of energy exchange between gas and surface atoms, as well as 
kinetic and mechanistic information.  Scattered molecules from a collimated beam may 
also exhibit diffraction effects, which provide information on surface structure and bond 
lengths [82-87].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 3.4 Conceptional comparison of key components of (A) molecular beam scattering 
experiment and (B) TAP experiment.   
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MBS experiments obtain essential kinetic and mechanistic information by modulating the 
reactant flux, and measuring the shift in arrival times at the detector between scattered 
reactant and product molecules.  The difference in arrival times can be used to determine 
reaction sequences, surface lifetimes of adspecies, and rates of surface reactions.  TAP 
pulse-response experiments [22, 23, 78, 79, 89, 90] extract kinetic information following 
a similar fashion.  Injection of a narrow gas pulse into the reaction zone initiates an 
experiment. The gas molecules travel through the reaction zone where they encounter the 
catalyst and can react to form product molecules.   Molecules that exit the reaction zone 
are monitored by the mass spectrometer positioned at the outlet.  An experiment ends 
when the flow of reactant and product molecules is no longer detected by the mass 
spectrometer.  The observed characteristic feature in a TAP-experiment is the time 
dependent gas flow F(t) [moles/s] or [molecules/s] that escapes from the exit of the 
microreactor.  The flow dependencies also have integral characteristics that are related to 
the moments of the "flow-time" dependencies [22, 23, 91].  Kinetic and mechanistic 
information is obtained by analyzing these dependencies, and gas transport is used as a 
“measuring stick” to determine the rates of chemical transformations.  In addition to 
kinetic and mechanistic information, TAP experiments have been used to study transport 
processes in porous materials, such as zeolites, and oxygen diffusion in metal and metal 
oxide catalysts.  The temperature dependence of TAP transient response curves provides 
intrinsic rate parameters that can be associated with the surface composition of a catalyst.  
The number of active sites can be determined in TAP titration experiments.   
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In both TAP and MBS experiments, the sample is maintained under vacuum conditions, 
which strongly promote desorption of adspecies.  Prior to performing a TAP experiment, 
it is common to heat the catalyst sample and monitor the desorption spectrum.  During 
the heating process, adspecies (e.g., water, CO, CO2, etc.), which cover the surface at 
ambient pressures, vacate the surface leaving the coverage to more closely resemble that 
of an MBS target.  Conversely, by pulsing a molecule into the reaction zone can increase 
the molecule's coverage so that it resembles the coverage at ambient pressures.  Pulsing 
different molecules into the reaction zone in an alternating sequence can adjust the 
surface coverage of two or more species.  As a result, coverage in a TAP experiment can 
be manipulated to resemble coverage in an MBS experiment or coverage in a 
conventional microreactor experiment. 
 
The input pulse in a TAP experiment typically contains ≈ 1014 molecules, and the local 
pressure in an empty reaction zone may reach ≈ 10-3 torr during a pulse.  If unimpeded, 
an oxygen molecule can traverse the reaction zone in under 100 µs.  If the reaction zone 
is filled with particles the pressure may reach ≈ 10-2 torr in the void spaces if no 
adsorption occurs.   The mean free path in an empty reaction zone is about half the length 
of the reactor.  In an empty reactor, molecules move in beam-like fashion and suffer 
relatively few collisions.  In a packed reactor, the mean free path is ≈ 4000 µm, which is 
significantly larger than the space between particles.  As a result, in a packed bed reactor, 
molecules collide with particles, but seldom with one another.   
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Figure 3.5 Scale drawing of a TAP "reaction zone" and packed bed microreactor containing a 
loading of nonporous spherical particles ≈ 250 µm in diameter.    
 
At sufficiently small pulse intensities, a one-pulse TAP experiment can be considered a 
state-defining experiment.  The number of molecules in a reactant pulse is typically much 
smaller (102 to 105 times smaller) than the number of surface atoms in the catalyst sample 
being probed [23].  As a result, the reactant pulse does not significantly perturb the 
catalyst surface.   
 
The TAP menu of experiments includes, but is not limited to, high-speed vacuum pulse 
response experiments (TAP Knudsen pulse response experiments, TAP pump-probe 
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experiments, and TAP multipulse experiments), atmospheric pressure steady-state, step-
transient and SSITKA experiments, temperature programmed desorption (TPD), and 
temperature programmed reaction (TPR).  In addition, newly developed software allows 
the user to create programmed experimental sequences, which can be stored in memory, 
and then performed automatically.  Sequences may include complex temperature 
treatments, switching back and forth between atmospheric pressure and vacuum 
experiments, switching from continuous flow to transient response experiments, or 
combinations of step-transient, pulse transient, steady-flow, and temperature programmed 
experiments.   
3.1.3     Theory of TAP Microreactor Configurations 
The analysis of TAP pulse response experiments are based on specific microreactor 
models that describe the catalyst zone.  Current models apply to packed bed reactors, 
starting with a one-zone reactor, and progressing to a reactor containing a single particle, 
which is part of the new work presented in this dissertation.  When the input pulse 
intensity is ≈ 1014 molecules/pulse, transport in the reactor is dominated by Knudsen 
diffusion, which is mainly driven by a gas concentration gradient.  The magnitude of the 
gradient is dependent on the reactor length and the vacuum boundary condition at the 
reactor outlet.  Under the conditions of catalytic reaction, the gas concentration gradient 
causes a surface concentration gradient in the catalyst bed.  When the length of the 
catalyst bed is a significant fraction of the reactor length, the reactant can cause non-
uniformity in the catalyst composition [9, 75, 76, 90].  TAP microreactor development 
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has focused on minimizing the effects of temperature and concentration gradients.  An 
axial temperature gradient exists because of the close proximity of the microreactor outlet 
to the vacuum chamber.  Typically the temperature near the center of a microreactor will 
be higher than the temperature close to the microreactor outlet.  The evolution of TAP 
microreactor configurations and their theoretical description will be presented in the 
following sections below. 
 
One-Zone TAP Microreactor In the one-zone microreactor model, the total 
reactor volume is uniformly packed with catalyst particles.  The one-zone model and its 
mathematical framework were introduced in the first TAP paper published in 1988 [22].  
The mathematical model is based on the following assumptions: 
1. The fractional voidage of the catalyst bed is constant. 
2. There is no radial concentration gradient in the catalyst zone. 
3. There is no radial or axial temperature gradient in the catalyst zone. 
4. There is no intra-particle or surface diffusion.   
5. The diffusivity of each gas is constant and independent of the composition of the 
mixture as a whole. 
The last assumption results from using an evacuated microreactor and small pulse 
intensities, which guarantees the validity of the Knudsen diffusion regime.  The mass 
balance equations for a number of important gas transport and transport-kinetics 
interactions in the one-zone reactor are presented below. 
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In a packed bed reactor, the mass balance equation for Knudsen diffusion of a non-
reacting gas A, (e.g., neon, argon, krypton) is given by  
                                     2
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The initial condition (Equation 3.2) specifies that at t = 0, the gas concentration at the 
reactor inlet can be represented by the delta function.  Boundary condition one (Equation 
3.3) specifies that the input flux is zero at the microreactor entrance when the pulse valve 
is closed.  Boundary condition two (Equation 3.4) specifies that the gas concentration at 
the microreactor outlet is very close to zero.  This condition results from the continuous 
evacuation of the microreactor outlet by the vacuum system.  The diffusivity term in the 
Knudsen diffusion regime is determined by the following equation [89] 
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The flow rate, FA, at the microreactor outlet is described by the following equation 
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and the gas flux by   .
A
FFlux AA =             (3.7) 
In order to solve for the gas exit flow rate, it is useful to express Equation 3.1 and the 
initial and boundary conditions, Equations 3.2-3.4, in dimensionless form. 
Dimensionless axial coordinate:         .
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Written in dimensionless form, Equations 3.1-3.4 are as follows: 
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with initial condition                  ,10 ≤≤ ζ    ,0=t    ζδ=AC                         (3.12) 
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The solution for the dimensionless concentration, AC , can be found by applying the 
method of separation of variables, and is expressed as 
))5.0(exp())5.0cos((2),( 2
0
2 τππζτζ ∑
∞
=
+−+=
n
A nnC                      (3.15) 
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The dimensionless flow rate can be expressed in terms of the negative gradient of the 
dimensionless concentration as 
).)5.0(exp())5.0sin(()12(),(),( 2
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At the microreactor outlet, where 1=ζ , the dimensionless flow rate can be written as 
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Equation 3.17 describes the dimensionless exit flow rate as a function of dimensionless 
time.  The resulting curve (Figure 3.6) is known as the standard diffusion curve.  For any 
TAP vacuum pulse response experiment that involves only gas transport, the standard 
diffusion curve should be the same regardless of the gas, microreactor bed length, 
catalyst particle size, or reactor temperature.  The dimensionless initial condition from 
Equation 3.12 requires the area under the standard diffusion curve to equal unity.  In 
dimensional form, Equation 3.17 can be rewritten as 
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Equation 3.18 indicates that the pulse shape of the curve generated in a diffusion only 
experiment should be independent of the pulse intensity if the gas molecules are 
transported through the microreactor in the Knudsen diffusion regime. 
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A unique feature of the standard diffusion curve is the time, pτ , at which the curve 
maximum occurs is given by  
6
1
=pτ                                                     (3.19) 
and the corresponding height of the peak maximum is given by  
     .85.1
,
=pAF                                                    (3.20) 
Equations 3.19 and 3.20 can be rewritten in dimensional form in terms of time and height 
as     
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By multiplying Equation 3.19 with 3.20 and Equation 3.21 with 3.22 gives a relationship 
between the time at which the peak maximum occurs on a standard diffusion curve and 
its corresponding peak height.  This calculation can be used to verify that gas transport 
through the reactor is Knudsen diffusion. 
              31.0
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Figure 3.6 (A) Standard diffusion curve showing key time characteristics and the criterion for 
Knudsen diffusion. (B) Comparison of standard diffusion curve with experimental inert gas curve 
over inert packed bed [23]. 
 
One of the simplest but most important processes studied in the TAP experiment is 
irreversible gas adsorption or reaction combined with Knudsen diffusion.  If adsorption 
or reaction is first order in gas concentration, and the catalyst surface coverage is 
negligible (result of small pulse intensity) compared to the total amount of active 
catalytic material, then the mass balance for the gas phase component A is given by 
B 
A 
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Equation 3.24 can also be written in dimensionless form.  The initial and boundary 
conditions for the dimensionless form of Equation 3.24 are the same as those presented 
previously for the diffusion only case (see Equations 3.12-3.14). 
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The dimensionless exit flow rate for irreversible adsorption or reaction combined with 
Knudsen diffusion process is given by 
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Equation 3.26 can also be written in dimensional form as 
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A comparison between the dimensional forms of the exit flow for the irreversible 
adsorption/reaction case, Equation 3.27, and the standard diffusion curve, Equation 3.18, 
shows that the values of the normalized exit flow for irreversible adsorption/reaction is 
less than the values obtained in the diffusion only case by a factor of ).exp( ' tka−  
Therefore, the normalized exit flow curve versus time for irreversible adsorption/reaction 
is always smaller than the standard diffusion curve (Figure 3.7). 
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Figure 3.7 Comparison of diffusion + irreversible adsorption/reaction exit flow curves with the 
standard diffusion curve. (A) Standard diffusion exit flow curve, 0=ak  (B) Diffusion + 
irreversible adsorption/reaction curve, 3=ak  (C) Diffusion + irreversible adsorption/reaction 
curve, 10=ak [23]. 
 
When diffusion + reversible adsorption occurs, and the number of gas molecules is small 
compared to the total number of catalytically active sites, the mass balances of 
component A in the gas phase, and on the catalyst surface are described respectively by 
the following two equations 
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The dimensionless desorption rate constant is defined as 
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Equation 3.29 and 3.30 can be rewritten in dimensionless form as  
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Equations 3.32 and 3.33 can be solved using the dimensionless initial and boundary 
conditions for the diffusion only process (Equations 3.12-3.14) with the additional initial 
condition for the coverage of adsorbed component A  
,0=t      .0=Aθ                                                    (3.36) 
The complete solutions for the dimensionless concentration and exit flow can be found in 
the literature [23].   
 
In contrast to the normalized exit flow curve in the process of diffusion + irreversible 
adsorption/reaction, the exit flow curve for the diffusion + reversible adsorption crosses 
the standard diffusion exit flow curve (Figure 3.8).  The point at which the curves 
intersect depends on the adsorption and desorption rate constants.  The diffusion + 
reversible adsorption exit flow curve is wider and crosses the standard diffusion curve 
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because of the time delay in molecular transport resulting from the interaction of gas 
molecules with the catalyst surface.  The shape and magnitude of the diffusion + 
reversible adsorption exit flow curve is also strongly influenced by the adsorption-
desorption parameters.  For example, when the adsorption rate constant is large and the 
desorption rate constant is small; the exit flow curve has two peaks.  The first peak 
resembles an irreversible adsorption exit flow curve, and is governed by the interaction 
between diffusion and adsorption.  The second peak is the result of slow desorption, and 
its shape is dependent on the parameters of adsorption, desorption, and diffusivity.  
Mathematical modeling of the two peaks shows that the catalyst surface coverage initially 
increases with time due to fast gas adsorption, and then decreases at which time 
desorption becomes more significant [23]. 
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Figure 3.8 Comparison of standard diffusion and diffusion + reversible adsorption exit flow 
curves. (A) Standard diffusion exit flow curve, 0=ak  (B) Diffusion + reversible adsorption 
curve, 20,20 == da kk  (C) Diffusion + reversible adsorption curve, 5,20 == da kk [23]. 
 
 
Three-Zone TAP Microreactor In the three-zone microreactor, the catalyst zone is 
sandwiched between two inert zones, and all three zones are of equal length [23].  An 
important advantage of the three-zone configuration is that the catalyst zone can be more 
easily maintained under isothermal conditions.  However, the gas concentration gradient 
across the catalyst zone can be significant making it difficult to maintain uniform surface 
coverages.  Also, it is difficult to analyze the transcendental functions that contain the 
kinetic parameters that are solutions of the three-zone TAP model.  
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The three-zone mathematical model is the same used in the one-zone model with two 
additional boundary conditions between the inert and catalyst zones.  The additional 
boundary conditions are given by 
,12,11, zCzC zoneAzoneA =                                                        (3.37) 
,23,22, zCzC zoneAzoneA =                                                       (3.38) 
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where z1 is the axial coordinate at the end of zone 1, and z2 is the axial coordinate at the 
end of zone 2.  Equations 3.37 - 3.40 describe the continuity of the gaseous 
concentrations and flows inside the microreactor. 
 
Thin-Zone TAP Microreactor (TZTR) The thin-zone TAP microreactor (TZTR) 
model [9, 75, 76, 90, 92] is a three-zone configuration in which the thickness of the 
catalyst zone is made very small in comparison to the whole length of the microreactor.  
The advantage of the TZTR configuration is that any change in gas concentrations across 
the catalyst bed can be neglected when compared to their average values.  Diffusional gas 
transport can be explicitly separated from the chemical reaction rate. 
 
The TZTR mathematical model determines the active zone reaction rate as the difference 
between two diffusional flow rates at the boundaries of the thin catalyst (active) zone. 
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)()( tFlowtFlowRate rightleft −=                                               (3.41) 
Equation 3.41 is analogous to a steady-state CSTR where the reaction rate is determined 
by the difference between two convectional flow rates.  For the first-order irreversible 
adsorption/reaction process, conversion in the TZTR can be found from the following 
expression      ,
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The apparent adsorption/reaction rate constant, adsk , can be found from the relationship 
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where the dimensionless parameter aK  can be found from the zeroth moment 
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The zeroth moment can be found by measuring the area under experimentally determined 
exit flow curves (Figure 3.9).  The dimension of the zeroth moment, M0, is number of 
molecules and represents the total number of gas molecules exiting the microreactor.  
When normalized to the number of molecules injected into the microreactor, the zeroth 
moment indicates conversion (X).        
X = 1 – M0                                                                          (3.46) 
From the zeroth moment, the first and second moments can be calculated.  The first 
moment, M1, is a time weighted function of M0.  The dimension of the first moment is 
number of molecules multiplied by time.  M1 determines the residence time in the 
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microreactor that is related to the average delay in transport through the microreactor 
void space caused by a kinetic process.  The dimension of the second moment, M2, is 
number of molecules multiplied by time squared.  The second moment provides 
information on the relative duration of time different molecules reside in the microreactor 
as compared to the average residence time, and can be correlated with the characteristic 
times of specific kinetic processes.  The ratio of moments, M1/M0 and M2/M1, has a 
physical meaning associated with different relaxation times, which are governed by 
combinations of kinetic coefficients of different reactions.  Exit flow data combined with 
the moments, can be used to formulate a detailed reaction mechanism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Moment analysis in TAP experiments is the time weighted areas under the exit flow 
curves. 
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Although concentration and temperature gradients in the catalyst zone are very small in 
the TZTR, some non-uniformity will still be present.  Non-uniformity can be attributed to 
two factors: the applied concentration gradient, which drives diffusion and is present 
even when no reaction occurs, and chemical reaction, which changes the concentration 
profile in the catalyst zone [9, 75, 76, 90, 92].  These factors are taken into account in the 
following equation:          
crr
c
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                             (3.47) 
 
The first term on the right hand side of Equation 3.47 relates only to the geometric 
configuration of the reactor, and the second relates to the influence of chemical reaction 
and geometry.  As with a differential PFR, non-uniformity in a TZTR is proportional to 
conversion, but the proportionality is not linear.  Figure 3.10 shows a comparison of non-
uniformity in the TZTR and a PFR as a function of increasing conversion.  Over a wide 
range of conversions (up to 75%), the level of non-uniformity in a TZTR is not higher 
than 20 percent, and only becomes significant at conversions greater than 80%. 
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Figure 3.10 Comparison of non-uniformity versus conversion for the differential PFR and TZTR. 
Different ratios of microreactor length to length of catalyst zone are given for the TZTR. 
 
Theory for the newly developed single particle TAP microreactor will be discussed in 
detail in Chapter 4.  In this configuration, temperature and concentration gradients are 
assumed to be negligible in the catalyst zone because there is only one micron-sized 
catalyst particle in the microreactor bed. 
 
3.2 Catalyst Preparation and Surface Analysis 
3.2.1     Pt Bulk Metal Particle 
The Pt bulk metal catalyst used for the single particle experiments is a 400 µm diameter 
platinum (Pt) powder supplied by the Goodfellow Corporation.  The platinum powder 
was reported with a purity of 99.95%.  Platinum was chosen for these experiments 
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because platinum is known to have high catalytic activity for CO oxidation, reduced 
“bulk oxygen storage,” and it is fairly easy to purchase.  In a typical experiment, the 
microreactor was packed with approximately 100,000 quartz particles (210 - 250 microns 
in diameter) and a single catalyst particle (300 - 400 microns in diameter) usually 
positioned in the center of the bed (Figure 3.11).  The quartz particles were made by 
grinding large quartz fragments and then passing the ground particles through a sieve to 
extract the appropriate size.  The microreactor is heated resistively, and the internal 
temperature adjacent to the catalyst particle is sampled with a shielded thermocouple.  
The catalyst particle and the inert quartz particles are nonporous so that gas diffusion or 
mass transfer within particles does not occur.  When packed in the microreactor, the 
particle occupies less than 0.3% of the cross-sectional area of the microreactor, so that the 
reaction zone can be considered a point source.  An important advantage of this 
configuration is that for most reactions, concentration and temperature gradients can be 
assumed to be negligible. 
 
 
 
 
 
 
 
 
 
 
 
 
   65 
 
6350 microns
Inlet pulse
Thermocouple
Outlet pulse
350 micron
Pt particle
Heater wire
250 micron
Quartz particle
Ceramic
insulation
(Vacuum)
A
Magnification
15,000X
B
C
D
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 (A) Schematic of TAP microreactor single particle configuration. (B) Digital camera 
image comparing the Pt particle to a pencil point to demonstrate the actual size of the catalyst 
particle. (C) SEM image showing the entire polycrystalline Pt particle. The diameter of the 
particle is estimated to be 350 µm.  (D) High magnification (15,000X) SEM image of Pt particle 
surface, which shows the surface is nonporous.  
3.2.2     Pt Foil 
A Pt foil catalyst particle was used in the single particle experiments to demonstrate the 
influence of catalyst position in the microreactor on conversion.  A Pt foil was used 
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because it closely resembled the experimental configuration created for the single particle 
TAP microreactor theoretical model.  The Pt foil was cut to be circular with a diameter of 
0.125 in. and a thickness of 0.004 in.  The Pt foil was packed in the microreactor 
surrounded by inert quartz particles with diameters between 210-250 µm.  The catalyst 
was placed in three different positions within the microreactor, at the very top located 
near the microreactor inlet, in the middle, and at the bottom of the microreactor close to 
the outlet.  The Pt foil was packed in the microreactor with the flat circular surfaces 
facing towards the microreactor inlet and outlet.  The length of the Pt foil occupies 
approximately 0.496 of the radial length of the reactor. 
3.2.3     Supported Pt Catalysts 
Pt nanoparticles supported on two types of mesoporous silica was studied in the TAP 
reactor to understand the role of the support during chemical reaction as well as any 
metal-support interactions.  The supported Pt catalysts were supplied by our collaborators 
at Kasetsart University in Thailand.  The two types of mesoporous silica supports used in 
the experiments are SBA-15 and unimodal porous silica (UPS).  The mesoporous silica 
SBA-15 was prepared from rice husk ash (RHA) with the chemical composition of the 
materials used in the molar ratio of SiO2: Pluronic P123: HCl: H2O as 1: 0.0875: 4: 200, 
respectively.  First, Pluronic P123 was dissolved in distilled H2O.  Next, the rice husk ash 
derived sodium silicate was slowly added to the Pluronic P123 – water solution while it 
was being rapidly stirred at 40 ˚C.  Then, HCl was rapidly added into the solution in 
order to initiate the hydrolysis-condensation reaction.  The hydrolysis-condensation 
   67 
 
reaction was allowed to continue for 24 h after the addition of HCl, and the solution was 
continuously stirred during this time.  After 24 h, the solution turns into a silica gel, 
which is then transferred to a Teflon-lined autoclave for hydrothermal aging to take place 
at 100 ˚C for 24 h.  After this time period, the solid products can be collected by 
filtration, then dried in an oven at 140 ˚C for 3 h, and finally calcined in air at 500 ˚C for 
6 h [93].  
 
The unimodal porous silica (UPS) was also prepared using sodium silicate (Na2Si3O7: 27 
wt.% SiO2; 4 wt.% NaOH) that was derived from rice husk ash.  In the first step of the 
procedure, 3.7 g of sodium silicate (based on 1 g of SiO2) was slowly added to 60 mL of 
2% v/v acetic acid in water solution that was being stirred and heated at 40 ˚C in a water 
bath.  In order to simultaneously initiate the hydrolysis-condensation reaction and control 
the pH of the mixture in the range of 2 to 6, various amounts of 1 M HCl or 1 M NaOH 
were rapidly added into the solution.  The final pH of the solution was measured to be 5.  
After the hydrolysis-condensation reaction has continued for 24 h, the resulting gel was 
transferred to a Teflon-lined autoclave where the hydrothermal aging process was set at 
100 ˚C for 24 h.  The final products were filtered, dried in an oven at 120 ˚C for 3 h, and 
calcined in air at 550 ˚C for 5 h [94]. 
 
Figure 3.12 compares the SEM and TEM images of the mesoporous silica SBA-15 and 
unimodal porous silica (UPS) supports.  From the SEM images, the morphology of the 
SBA-15 (Figure 3.12a) contains an agglomeration of uniform, slightly bent (U-shaped), 
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short rod-like shapes, while the UPS support (Figure 3.12b) shows a much more dense 
surface morphology caused by the agglomeration of much smaller silica nanoparticles.  
The TEM image of the SBA-15 support (Figure 3.12c) shows a highly ordered 
mesoporous silica matrix with a hexagonal pore structure.  In contrast, the TEM image of 
the UPS support (Figure 3.12d) shows inter-particle spaces between the mesoporous 
silica structure caused by the agglomeration of the silica nanoparticles.  
  
    
 
    
 
Figure 3.12 (a)-(b) SEM images of mesoporous silica SBA-15 and unimodal porous silica (UPS), 
respectively. (c)-(d) TEM images of SBA-15 and UPS, respectively. 
 
(b) (a) 
(c) (d) 
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There are many methods to deposit metal particles on metal oxide supports.  The most 
common method to prepare metal-supported catalysts is incipient wetness impregnation 
[95-98].  In this method, a small amount of metal salt solution, just enough to cover the 
support material surface, is dropped onto the surface of the dry support material.  After 
the metal salt solution comes into contact with the support material, the solution is drawn 
into the pores of the support by capillary forces inside the pores.  Incipient wetness 
occurs when all pores of the support material are filled with liquid, and there is no excess 
moisture left over on the support.  If the support material is nonporous, a layer of metal 
coating is left on the outer surface of the support. 
 
The Pt nanoparticles were loaded on the mesoporous silica SBA-15 and unimodal porous 
silica (UPS) by incipient wetness impregnation using a solution of hydrogen 
hexachloroplatinum (IV) hexahydrate (H2PtCl6·6H2O) and water.  The metal salt solution 
was dropped unto the support so just enough is needed to coat the support surface, and 
the mixture was stirred for 30 min.  After 30 min, the wet catalyst was placed in an oven 
to be dried at 120 ˚C for 24 h.  Once the catalyst is dry, it was calcined with H2 at 550 ˚C 
for 4 h with a heating rate of 4 ˚C/min.  The calcination process was performed to remove 
any volatile matter left on the catalyst surface during the impregnation step such as 
chlorine.  Figure 3.13 shows the SEM images of the SBA-15 and UPS supports after they 
were compressed to form 400 micron-sized particles and impregnated with Pt.   
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Figure 3.13 (a)-(b) SEM images of mesoporous silica SBA-15 after compression to form 400 µm 
sized particles and impregnation with Pt at magnification of 20,000X and 80,000X, respectively. 
(c)-(d) SEM images of UPS after compression to form 400 µm sized particles and impregnation 
with Pt at magnification of 10,000X and 80,000X, respectively.  
 
The SBA-15 support after compression still retains some of the physical characteristics of 
the support prior to compression, such as the preservation of the slightly bent, U-shaped 
rods.  The support is very porous as seen by the appearance of holes in between the 
(a) 
Pt Crystals 
(d) (c) 
(b) 
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structure of the SBA-15 support.  After impregnation of the SBA-15 with the Pt salt 
solution, Pt and Pt single crystal nanoparticles were deposited on the surface.  The Pt 
single crystals formed as a result of support surface defects from the compression 
process.   
 
The formation of Pt single crystals was also apparent on the compressed UPS support.  
The surface and structure of the UPS support after the compression process was very 
similar to the structure prior to compression.  The structure of the UPS support was 
already very densely packed with silica nanoparticles; therefore, the compression process 
did not change the structure very much.  Compared to the SBA-15 support, the UPS 
support is not as porous, and the silica particles are much smaller.  Because the UPS 
support is less porous, there is less surface area for the Pt particles to deposit on.  Using 
SEM, an area of equal size on the SBA-15 and UPS surface was selected to determine Pt 
composition percentage.  For the SBA-15, there was 6.55 wt. % Pt on the surface, and 
4.88 wt. % Pt on the surface of the UPS support.  The rest of the catalyst composition 
was composed of Si and O.  The weight percent determined by SEM is only an estimate 
because there could be Pt in the pores of the catalyst that cannot be seen with SEM.   
3.2.4     VPO Catalysts 
Vanadium phosphorus oxide catalysts were prepared by refluxing a mixture of 7340 cm3 
of isobutyl alcohol, 513.5 grams of V2O5 and 663.97 grams of H3PO4 (100%) for 16 
hours to give a light blue precipitate.  Upon cooling, the precipitate was filtered and dried 
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at ambient temperature under vacuum.  The dried precipitate was washed with isobutyl 
alcohol, dried for 2.5 hours at 145 °C and calcined in air for 1 hour at 400 °C.  The 
resulting powder was then "reactor equilibrated" by switching the feed to an air-butane 
mixture (1.5% butane) at 15 psig reactor inlet pressure and 2000 GHSV.  After a 
sufficient break-in period (300 hours), the catalyst gave steady-state selectivities to 
maleic anhydride of approximately 66% at 78% conversion.  XRD analysis of the reactor 
equilibrated samples showed that they were monophasic (VO)2P2O7 or (VPO). Chemical 
analysis gave a P/V ratio of 1.01 and vanadium oxidation state of 4.02.  The samples had 
a BET surface area of 16.5 m2/gram.  Figure 3.14 shows an SEM image of the 
microstructure of a VPO particle, which has the characteristic layered structure of VPO 
prepared by a non-aqueous route.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14 SEM image of VPO particle. The image shows a characteristic layered structure. 
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Chapter 4 
CO Oxidation on Pt Catalysts 
This chapter presents results from TAP experiments performed on a variety of Pt 
catalysts including a single Pt bulk particle, Pt foil, and Pt nanoparticles supported on two 
types of SiO2 support.  The catalysts are probed using the CO oxidation reaction to 
understand reactor transport properties, metal-support interactions, influence of reaction 
pressure, and the role of surface oxygen lifetime on catalytic performance.  
4.1 Single Pt Bulk Particle TAP Experiments 
4.1.1 Oxygen Uptake 
To determine the number of oxygen adsorption sites a mixture of O2/Ar (70/30 feed ratio) 
was pulsed into the microreactor over a reduced catalyst particle.  The Pt particle was 
reduced in a hydrogen flow (H2/Ar = 1, Flow rate = 40 cc/min, T = 350 ˚C, P = 1 atm) for 
1 hour and the reduction was assumed complete when water production was on longer 
observed.  After flowing hydrogen for 1 hour, the reactor temperature was reduced to 50 
°C and the Pt particle was exposed to a series of oxygen pulses.  Low temperature 
oxidation limits migration of O atoms to the particle subsurface.   
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Figure 4.1 shows a typical series of oxygen exit flow response curves observed after 
reduction with a hydrogen flow.  The oxygen conversion is calculated from the area 
under each of the pulse curves shown in Figure 4.1, and the oxygen conversion per pulse 
is plotted in Figure 4.2.  Each pulse contains approximately 1014 oxygen molecules.  
After approximately 40 oxygen pulses conversion is zero and the area under the zero-
conversion curve can be used to calculate the conversion in previous curves and the total 
oxygen conversion.  The O2 responses were also normalized with respect to the standard 
Ar diffusion curve to take into account changes in pulse shape related to changes in pulse 
intensities.  The first oxygen pulse is completely adsorbed on to the Pt particle.  As the 
number of oxygen pulses increases, the number of available oxygen binding sites 
decreases until, after approximately 40 pulses, the particle surface is saturated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Oxygen exit flow response curves obtained from single Pt particle oxygen uptake 
experiment at 50 ˚C. 
   75 
 
 
 
 
 
 
Figure 4.2 Oxygen conversion per pulse found by taking the area under each of the exit flow 
pulse curves from Figure 4.1.   
4.1.2 Reaction under Vacuum Conditions 
CO oxidation Pt particle pulse response experiments were performed using the "pump-
probe" format (Figure 4.3).  Mixtures of O2/Ar (70/30) and CO/Ar (70/30) stored in 
separate pulse valves were injected into the microreactor forming a train of alternating 
pulses of O2 and CO.  Similar to oxygen uptake experiments, in CO oxidation 
experiments argon is mixed with the reactant gases to act as a reference.  Because it is 
inert, its transient response depends only on the transport process.  It is used as a 
measuring stick to calculate diffusivities, conversion, and kinetic parameters.  The pump-
probe format maintains a relatively steady oxygen concentration on the catalyst by re-
supplying any consumed oxygen in alternating O2 pulses.  In single Pt particle 
experiments, CO conversion was constant during multi-pulse pump-probe experiments at 
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a steady reactor temperature.  Therefore, based on experimental evidence, it can be stated 
that the oxygen coverage on the Pt particle is restored to the same value prior to each CO 
pulse. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Schematic of TAP single Pt particle pump-probe experiment. 
 
 
In a pump-probe experiment [22, 23], the separation time between reactant pulses can be 
varied.  Time delay between the reactant pulses can be changed to investigate the effect 
of changes in the surface lifetime of reactive adspecies on the dynamics of catalyst 
surface processes.  For example, by changing the time between the O2 and CO pulses, the 
relative desorption rates can be determined. 
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In the experiments plotted in Figure 4.4, the O2 and CO pulses were evenly spaced and 
separated by 2 seconds.  Identical experiments using time delays of 1 second and 3 
seconds were also performed, and no difference in the amount of CO2 produced was 
observed.  This indicates that the surface oxygen storage is approximately constant within 
the pump-probe time delays.  The argon response curve in the Pt particle pump-probe 
experiments shows that > 99% of the Ar escapes the reactor in less than 2 seconds.  Thus, 
when a CO pulse enters the reactor < 1% of the gas phase oxygen from the previous O2 
pulse remains, and vice-versa when oxygen is pulsed.  The amount of CO2 produced in 
the pump-probe transient response experiment (Figure 4.4A and 4.4C) can be determined 
by measuring the area (zeroth moment) under the transient response curve [91].  To 
determine the CO2 yield, the zeroth moment is normalized relative to the amount of CO 
in a single pulse.  If the amount of CO2 produced is equal to the amount of CO injected 
then the yield is equal to 100%.  The absolute amounts of O2, CO, and CO2 are 
determined by comparing the response obtained in a reaction with one obtained using a 
standard blend.  All responses are compared to the Ar response, which is the internal 
reference.  Remove the platinum particle, leaving only the quartz particles, and the 
responses disappear demonstrating that no CO2 is produced.    
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Figure 4.4 Comparison of CO2 produced during TAP vacuum pump-probe and atmospheric flow 
experiments for CO oxidation over single Pt particle with the same composition of reactants. (A) 
A typical set of pump-probe CO2 responses (m/e = 44) for reaction at 140, 170, and 350 ˚C. (B) 
CO2 production observed from atmospheric flow experiment. (C) CO2 production observed from 
vacuum pump-probe experiment.  The black line (-▲-) represents the total CO2 yield. The red (-
●-) and blue lines (-♦-) represent the CO2 yield on the oxygen pulse and CO pulse, respectively. 
 
 
The black plot (Figure 4.4C) represents the total CO2 yield during one pump-probe cycle.  
The red and blue plots (Figure 4.4C) show the CO2 yield for O2 pulses and CO pulses 
respectively.  The striking feature of these dependences is the high CO2 yield that is 
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achieved despite the catalyst particle occupies less than 0.1% of the total reactor volume.  
At 170 ˚C, the yield for the individual O2 and CO pulses reach a maximum, making the 
total yield equal to approximately 95% during one pump-probe cycle.  This result seems 
counterintuitive, however it has physico-chemical ground.  Under Knudsen diffusion 
conditions, at least 95% of the CO molecules pulsed into the reactor must strike the 
particle.  The probabilistic mathematical theory of this phenomenon together with 
additional experimental data will be presented in Chapter 4.2.  Above 170 °C the CO2 
yield decreases, more rapidly for the O2 pulse than the CO pulse.  From 170 to 350 °C, 
the CO2 yield on the oxygen pulse decreases from a maximum of 52% to < 5%.  In the 
same interval, the yield on the CO pulse decreases from 43% to 25%, so that the overall 
yield drops from 95% to less than 30%.   
 
The difference between CO2 dependences obtained in O2 and CO pulse experiments can 
be explained within the modified adsorption mechanism (Langmuir-Hinshelwood 
mechanism).  During the O2 pulse, adsorbed oxygen may react with adsorbed CO 
molecules which are likely isolated at the reaction temperatures.  In contrast, during the 
CO pulse, the adsorbed CO molecule may interact with different forms of stored oxygen, 
e.g. via the gradual destruction of the surface oxygen structure (surface phase islands).  In 
this case, the CO2 yield decreases not so rapidly.  However, there is a general feature of 
both dependences.  The yield peak (“turning point”) occurs at the same temperature of 
170 ˚C for both CO and O2 pulses.  Based on the adsorption mechanism, it is reasonable 
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to assume that it is the point of transition from the CO dominated catalyst surface (below 
170 ˚C) to the O2 dominated catalyst surface (above 170 ˚C). 
4.1.3 Reaction at Atmospheric Pressures 
After completing the set of vacuum pulse response experiments, the slide valve was 
closed so that the reactor could be operated at atmospheric pressure.  Prior to introducing 
an O2/CO mixture, the particle bed was exposed to a hydrogen flow (20 cc/min diluted in 
Ar, H2/Ar = 1) at 350 ˚C for 1 hour.  The hydrogen flow was used to remove any memory 
of the previous pump-probe experiments.  The reactor was then cooled and a total flow of 
50 cc/min of O2, CO, and Ar (O2/CO/Ar = 1) was introduced through the continuous 
valve, giving a gas residence time in the reactor of 1.8 s.  Conversion under atmospheric 
conditions was quite high despite the short contact residence time inside the reactor 
(Figure 4.4B).   
 
The temperature dependence of CO2 production was obtained by heating or cooling the 
reactor at a constant rate while maintaining an input flow of 50 cc/min. The internal 
reactor temperature was ramped from 40 ˚C to 430 ˚C over a 40 minute interval.  Upon 
reaching 430 °C, the reactor temperature was held constant for 5 minutes and then 
decreased at the same ramp rate to room temperature.  
 
During atmospheric pressure experiments, a small amount of the reactor effluent was 
diverted into the mass spectrometer chamber, and its mass spectrum was continuously 
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monitored.  The temperature dependence of the CO2 yield is characterized by two 
branches, which form a counter-clockwise hysteresis loop (Figure 4.4B).  The lower 
branch occurs during the up ramp and the upper branch during the down ramp.  On the 
lower branch of the hysteresis loop, at approximately 350 ˚C, a dramatic rise in CO2 yield 
is observed.  On the upper branch of the hysteresis loop, a maximum in CO2 production 
of 20% is observed at 430 ˚C.  At the temperature of approximately 170 ˚C (“turning 
point”), a significant decrease of CO2 occurs.  The phenomenon of yield hysteresis is well 
known in heterogeneous catalysis, particularly in the heterogeneous CO oxidation 
reaction over noble metals [99].  Such behavior is also explained based on the adsorption 
mechanism in which O2 and CO compete for active catalytic sites on the metal surface.  
From this point of view, the “turning point” is the temperature at which O2 domination on 
the Pt surface is changed by the CO domination of the catalyst.  
4.1.4 Comparison of Results from Vacuum and Atmospheric 
Pressure Regimes 
Both vacuum and atmospheric pressure data exhibit several striking features.  Perhaps 
most surprising is the very high conversion observed in TAP pulse response experiments.  
Despite the fact that the Pt particle occupies less than 0.1% of total reactor volume and 
0.3% of its cross sectional area, it is struck by at least 95 out of 100 CO molecules pulsed 
into the reactor.  Similarly since oxygen conversion is 100% during the first oxygen pulse 
in oxygen uptake experiments every oxygen molecule must strike the Pt particle.  In a 
TAP vacuum pulse response experiment, gas molecules move independently, primarily 
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colliding with particles and the reactor walls.  On average, a CO molecule experiences 
between 100,000 to 500,000 collisions before it exits the microreactor [100].  As a result, 
a molecule that initially bypasses the Pt particle can reverse its direction during its next 
collision and return to the Pt particle.  
 
Conversion in atmospheric pressure experiments is quite high.  The residence time in the 
microreactor is longer than in a TAP experiment, but the apparent contact residence time 
in the reaction zone is about 2 orders of magnitude less.  Nevertheless, CO conversion 
reaches 20%.  Clearly, the real residence time in the reaction zone is larger, and mixing is 
also significant in atmospheric flow experiments.   
 
An essential requirement for obtaining precise kinetic data is uniformity within the 
reaction zone in the reactant concentration profile and catalyst composition.  The reactant 
concentration can be defined as uniform if its spatial difference is small compared to its 
maximum value.  In single particle experiments the reaction zone is the particle surface.  
In vacuum pulse response experiments the reaction zone samples the entire reactor 
volume, and our estimates show that non-uniformity is negligible [9].  In atmospheric 
pressure experiments the reaction zone samples an area at least 67 times larger than the 
particle.  Consequently, in both experiments non-uniformity is negligible, so it can be 
assumed the reaction zone is perfectly mixed.  
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Pulse response data obtained in high vacuum experiments can be used for direct 
determination of the number of active sites or storage of an active component [23, 40].  
For a single particle, this number is comparable with the number of molecules in a pulse, 
and can be determined in a single experiment.  Data from TAP pulse-response 
experiments can also provide details related to the steps in a complex reaction, i.e. kinetic 
coefficients of different reactions (reactant adsorption, interaction of reactants with other 
pre-adsorbed reactants), energies of activation and pre-exponential factors, and the 
dependence of all these parameters on the catalyst pre-treatment [23, 24]. 
 
Both TAP vacuum and atmospheric pressure data sets exhibit turning points indicating a 
transition from reaction controlled by one adsorbed species
 
to one controlled by a 
different adsorbed species.  The upper branch in the CO2 curve corresponds to an O2 
covered surface, and the lower branch to a CO covered surface (Figure 4.4B).  The 
turning point in both data sets occurs at 170 °C (Figure 4.4B – 4.4C).  In the region of the 
CO2 maximum, the areas under the CO2 response curves corresponding to the O2 and CO 
pulses (Figure 4.4A) are approximately the same, indicating nearly equal coverages for 
O2 and CO.  The correspondence in “turning points” indicates that the coverage in 
vacuum and atmospheric pressure experiments is approximately the same and intrinsic 
kinetic data obtained in vacuum experiments can be used to describe kinetic behavior in 
the atmospheric pressure domain.   
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Taking the conversion of CO or CO2 yield at the “turning point” from vacuum pulse 
response and atmospheric flow data, the apparent kinetic rate constant can be calculated.  
In combination with the gas residence time (τ ) in the catalyst zone, the apparent kinetic 
rate constant is given by the following expression:  
τ)1( X
Xkapparent −
=                                                        (4.1) 
Using an approximate conversion of 90% in the vacuum pulse response experiment, the 
apparent kinetic rate constant is calculated to be 9000 s-1.  In the atmospheric flow 
experiment, using a conversion of 20% the apparent kinetic rate constant is calculated to 
be 9280 s-1.   The two apparent kinetic rate constants differ by approximately 3%.  
Although there may be some error involved in experimentation, the values of the 
apparent kinetic rate constants are approximately the same.  The ability to relate data both 
qualitatively and quantitatively in the atmospheric pressure domain to the data obtained 
in vacuum pulse response experiments using a single Pt particle is a step toward bridging 
across the pressure gap [51].  
4.1.5 Inert Experiments 
Blank experiments were run using a microreactor packed only with inert quartz particles 
to test the validity of the single Pt particle experiments.  The blank experiments were 
conducted in the same manner with all identical reaction conditions as the Pt particle 
pump-probe experiments.  The only difference was that the blank experiments had no 
catalyst in the reactor.  Figure 4.5 plots the CO2 production (zeroth moment) as a function 
of reactor temperature.  The graph gives the CO2 produced on the oxygen pulse, CO 
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pulse, and the total CO2 production.  The temperature range is from 100 ºC to 280 ºC, 
which is the range where maximum CO2 production was observed for the single Pt 
particle experiments.  According to Figure 4.5, the CO2 produced on the oxygen and CO 
pulses reached a maximum production of 1.5 and 0.5% at 280 ºC, respectively.  Although 
the reactivity of the microreactor or the inert quartz particles is apparent, it is not 
significant compared to the amount of CO2 produced with the Pt particle in the 
microreactor.  Also, there is no trend in the maximum CO2 peak seen with the Pt particle 
at 170 ºC.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 CO2 production observed in the inert microreactor with quartz packing only. 
 
4.1.6 Surface Lifetimes of Reactive Species 
The surface lifetime of an adspecies under reaction conditions is a function of the rate of 
reaction, the rate of desorption, and the rate at which the adspecies diffuses into the 
catalyst bulk.   The adsorption-desorption characteristics of a species can be determined 
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in TAP pulse response experiments by comparing the exit flow curve of the species with 
the standard diffusion curve (STD).  If the curve falls inside the STD then the species is 
irreversibly adsorbed.  The surface concentration of an active species can also decrease if 
the species diffuses into the catalyst bulk or is depleted by reaction with some other 
surface species.  The reactive lifetime of an adspecies can be measured in TAP pump-
probe experiments by changing the pump-probe interval.   
 
The reactive lifetime of oxygen on a Pt particle was measured in a series of pump-probe 
experiments using two separate reactant mixtures of O2/Ar (70/30 ratio) and CO/Ar 
(70/30 ratio), which were injected from two separate pulse valves.  The mixtures were 
pulsed in an alternating sequence into a microreactor containing a single 400 µm Pt 
particle packed in a bed of inert quartz particles.  In the pump-probe experiments, the 
separation time between the O2 and CO pulses was varied while keeping the cycle time 
for one pump-probe cycle at 10 s. For one reactor temperature, O2 was always pulsed into 
the microreactor first followed by the CO pulse separated by a delay of 1, 3, 5, 7, and 9 s.  
For example, when the interval between the oxygen and CO pulse is 5 seconds, the 
interval between the CO and following oxygen pulse is also 5 seconds.  The experiment 
was repeated for different pump-probe intervals at 150, 250, and 350 °C (Figure 4.6).  
CO conversion at one reactor temperature from past multi-pulse pump-probe experiments 
suggests that oxygen coverage on the single point particle is restored to the same value 
prior to each CO pulse. 
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Figure 4.6 Pump-probe data showing CO2 production as a function of temperature and pump-
probe interval.   
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CO2 production on the oxygen pulse at 350 °C is significantly lower than production at 
150 °C.  It is independent of the pump-probe interval.  CO2 production on the CO pulse at 
150 °C is also independent of the pump-probe interval.  At 350 °C CO2 decreases with 
the pump-probe interval.  The drop in CO2 production can be attributed to a decrease in 
the amount of active oxygen.  The rate of the drop in active oxygen can be calculated 
from the zeroth moments of the CO2 and is plotted in Figure 4.7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Normalized CO2 production on the CO pulse calculated from the zeroth moment of 
the pulse response curve. CO2 production is constant at 150 °C, and drops to ≈ 0.5 times its value 
in 9 s at 350 °C.   
 
From the CO pulse, the CO2 is produced as the input of CO reacts with the leftover O2 
from the previous pulse.  The data in Figure 4.7 shows that the initial rates of CO2 
 
Ze
ro
th
 
M
om
e
n
t 
No
rm
a
liz
e
d 
CO
2 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1 3 5 7 9
Time Delay of CO Pulse (s) 
150 °C  
350 °C  
250 °C  
   89 
 
production are approximately the same for all the reaction temperatures.  In the literature, 
it mentions that there are two constituents of the Langmuir-Hinshelwood mechanism for 
CO oxidation; the reaction between adsorbed oxygen and strongly adsorbed CO, and 
reaction between weakly adsorbed CO [99].  The mechanism with the latter can be 
identified as an “impact mechanism” from the collision between adsorbed oxygen and 
gaseous input of CO.  The CO2 production via the “impact mechanism” does not depend 
on the temperature. This explains that the initial rates are insensitive to the reaction 
temperature for a time delay of 1 s.  However, for larger delay intervals between the O2 
and CO pulses, there is a dramatic difference in CO2 production between different 
temperature dependences.  At the highest reaction temperature (350 ºC), CO2 production 
significantly decreases in time.  Between the pulses, no gas should have been in the 
reactor, and this decrease can be explained only via the presence of the additional 
“hidden” process, which is acting with no gas presence.  This process is oxygen removal 
from the catalyst surface.  Likely, it is a “hidden” process of the oxygen exchange 
between the surface and the catalyst bulk, and/or between one type of catalyst site and 
other sites, which are not so active.  As for the reaction temperatures of 150 and 250 ºC, 
the CO2 production decrease is insignificant, especially for 150 ºC.  Under these 
temperatures, our catalyst exhibits very stable behavior. 
  
Figure 4.8 plots the CO2 produced on the O2 pulse as it reacted with the remaining CO on 
the surface from the previous pulse.  An interesting fact to note from the data displayed in 
Figure 4.8 is that the increase in reaction temperature does not provoke the reaction rate 
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to increase as it is usually the case in chemical kinetics.  Instead, as the reaction 
temperature is increased, there is a decrease in the reaction rate.  This is less pronounced 
in the domain between 250 and 350 ºC.  It is very likely that the temperature dependence 
of the reaction rate is characterized by a plateau and even by a maximum (see Chapter 
4.1.2 and Figure 4.4).  In the CO oxidation reaction, which is governed by Langmuir-
Hinshelwood mechanism (adsorption mechanism), there is a step in which the two 
adsorbed substances interact with each other.  As the temperature rises, it elevates both 
the reaction rate between the adsorbed substances (CO and O2), and the desorption rate of 
one of the adsorbed substances (CO).  Thus, one can obtain a rate plateau or maximum at 
some reaction temperature.  According to Figure 4.8, there is a slight increase in CO2 
production at every reaction temperature with the increase in spacing interval between the 
O2 and CO pulses.  This effect is pronounced for 150 ˚C, but not as significant for 250 
and 350 ˚C. 
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          Figure 4.8 Normalized CO2 production on the O2 pulse. 
 
 
The graph of the total CO2 production from both the O2 and CO pulses (Figure 4.9) also 
demonstrates the advantage of the low temperature regime (in this case, conversion is 
highest).  Two combined factors may contribute to the behavior shown in Figure 4.9:  
1. High reaction temperature is not needed because it will promote CO desorption. 
2. High reaction temperature is not needed because it will support the process of 
surface oxygen removal during the interval between pulses. 
However, the reaction temperature also cannot be too low.  There has to be an optimal 
temperature, which has to be found experimentally.  This will give an indication on the 
new prototype of the industrial working regime which will be efficient from the point of 
spending less energy.  
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Figure 4.9 Total CO2 yield/CO conversion from both O2 and CO pulses added together. 
 
 
Apparent kinetic constants can be calculated (Equation 4.1) based on the data shown in 
Figures 4.7 - 4.9.  Figure 4.10 presents the apparent kinetic constant dependence on the 
time delay of the CO pulse.  The apparent kinetic constant is calculated based on the 
information from the CO pulse because it reveals more information regarding the 
behavior of surface oxygen.  Clearly, the apparent constant at 350 ˚C demonstrates a 
significant decay which can be classified as an exponential decay or combination of two 
exponents.  This decay may be interpreted as a process, or a reaction of the pseudo-first 
order, in which the apparent constant is given by the following equation. 
Kapp = K x (Concentration of surface oxygen)                                 (4.2) 
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According to the equation above, when surface oxygen is removed, its concentration 
decreases, therefore, the apparent constant decreases as well.  As for dependences at 150 
and 250 ˚C, the temporal decay of apparent constants is insignificant reflecting the 
similar behavior of conversions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 Apparent constant calculated based on the data obtained from the CO pulse (Figure 
4.7) as a function of time delay. 
 
Figure 4.11 demonstrates temperature dependences of the apparent constants and its 
specific features at different time delays.  These dependences are not so trivial to 
understand. There is an interval of temperatures and time delays, between 150 to 250 ˚C 
and 3 to 9 s, in which the apparent constant is approximately the same.  A “turning point” 
occurs at 250 ˚C.  Also, the time delay of 1 s is a unique case because the apparent 
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constant increases with reaction temperature.  Based on this behavior, it can be concluded 
that the process of surface composition is changing between the pulses, and this process 
is not only due to the simple removal of surface oxygen, but a complex process of oxygen 
redistribution.  Characteristics of oxygen redistribution on the Pt surface should have an 
optimum as a function of the reaction temperature (it may be between 200 and 250 ˚C) 
and the time delay (1 s).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Apparent constant as a function of reaction temperature for different time delays. 
 
 
The apparent constants can also be used to calculate the activation energy for the CO 
oxidation reaction, particularly the reaction of pulsed CO with surface oxygen.  By 
plotting the natural log of the apparent constant as a function of the time delay of the CO 
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another apparent constant, “B” (Figure 4.12).  The relationship can also be shown by the 
following equation. 
Kapp = Aexp(-Bt)                                                       (4.3) 
The constant “B” can then be plotted against (1/RT) to find the activation energy.  The 
activation energy was found to be approximately 26.6 kJ/mol.  This is within the order of 
magnitude for CO oxidation activation energies given in the literature, found to be 
between 45 - 100 kJ/mol for Pt single crystal surfaces [57, 58, 99] and 25 – 96 kJ/mol for 
polycrystalline Pt [99].  This value is on the low end which means higher surface oxygen 
composition on the Pt surface during reaction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 Calculation of apparent constant “B” from the slopes of the linear relationship 
between the ln (K) and time delay. 
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4.2 Probabilistic Single Particle Theoretical 
Model 
The high conversions obtained in TAP single particle experiments can be explained by a 
probabilistic theory and interpretation of conversion, α, based on the principle of 
Brownian motion [101] of reactant molecules inside the microreactor.  In this case, 
Brownian motion denotes that the reactant molecules travel by random motion inside the 
microreactor.  The experiment is modeled in which a pulse of gas of chemical species A 
is released into the microreactor and the outlet flow is collected at the right-hand open 
side of Figure 4.13.  The model is 2-dimensional.  The black disc in the middle represents 
the catalyst particle.  The term “particle” is used as a general term to describe the single 
piece of catalyst, which is not permeable.  The “particle” can be small or big, spherical, 
cylindrical, or foil shaped, but it is assumed to be nonporous.  The smaller, light colored 
dots represent the inert medium used to pack the microreactor.  As the trajectory of A gas 
molecules nears the active catalyst center, an irreversible reaction A → B may occur.  
The model is based on the probability of A gas molecules coming into contact or within 
close proximity to the active catalyst particle, that conversion will occur.  The outlet flow 
gas collected at the microreactor outlet then contains both A and B gas molecules.  The 
probability (conversion) of a reactant gas molecule hitting or coming very close to the 
active catalyst particle is calculated using the Feynman-Kac formula [102] and solving a 
time-dependent boundary value problem (BVP). 
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Figure 4.13 Model of microreactor with catalyst (black dot) and inert quartz particles (light 
colored dots).  The right open side of the figure indicates the microreactor outlet.  
 
The model for molecular motion inside the packed bed of the microreactor is based on 
the principle of Brownian motion.  The interior of the microreactor is regarded as a 
permeable medium in which reactant gas species A has a diffusion constant D.  Because 
transport in the TAP reactor is governed by Knudsen diffusion, the transport of gas A in 
the probabilistic model away from active zones (i.e., ignoring reaction) is also governed 
by the standard diffusion equation (Fick’s Law). 
cD
t
c 2∇=
∂
∂
                                                           (4.4) 
In Equation 4.4, c is the concentration of gas species A.  It is known that Fickian 
diffusion (Equation 4.4) corresponds to a model of stochastic molecular motion known as 
the Wiener process, which is also referred to as mathematical Brownian motion.  The 
Wiener process is defined by three important properties.  The first property states that the 
trajectories are continuous paths.  The second property is the key assumption in the 
Wiener process model which states that molecular direction changes unpredictably after 
each collision with the particles in the reactor bed.  The third property states that during a 
short period of time h, which is nevertheless long enough to contain several collisions, 
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the trajectory displacement is normally distributed.  Figure 4.14 shows a typical 
molecular trajectory path inside the microreactor based on the above mentioned principle.  
Brownian motion in the microreactor space R is defined by essentially the same 
properties as in open space except that it is subject to reflection on the microreactor walls 
and on the catalyst surface, and it is “killed” at the exit boundary (or open side) of the 
microreactor (see Figure 4.13). 
 
Figure 4.14 A typical molecular trajectory in the microreactor based on Brownian motion. 
4.2.1 Conversion Dependence on Catalyst Position 
The following numerical example of conversion is found by specifying the active catalyst 
center at some position (x,y) inside the microreactor space R.  R is defined as a region in 
Rn, which is bounded in the sense that it is entirely contained within a finite radius of 
some point.  For simplicity, the microreactor is modeled as a square with a side length of 
1.  The active catalyst center will be located at the center of sample region S with lengths 
of various sizes.  A typical example of the microreactor configuration with the active 
catalyst center is shown in Figure 4.15.  
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Figure 4.15 A square catalyst sample of side length 0.1 in R with active center at (x, y).  The 
position x0 denote the position for reactant gas injection into the space R. 
 
 
Figure 4.16 shows how conversion changes as the active catalyst center position (x,y) is 
varied inside the microreactor.  The square base on the xy-plane represents the 
microreactor and the side parallel to the y-axis where the graph touches the xy-plane 
represents the microreactor exit boundary.  The initial point where the reactant gas A 
enters the microreactor is at x0 shown in Figure 4.15.  Figure 4.16 shows that conversion 
is highest when the catalyst is right in front of the initial point and declines as it is moved 
farther away; as a function of y for any given x, conversion is at a maximum on the axis 
of the microreactor (running from the mid-left to mid-right sides of the square reactor) 
and decreases as the catalyst is moved away from the center axis toward the upper or 
lower walls.   
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Figure 4.16 Conversion dependence found as a function of the active catalyst center position (x, 
y). 
4.2.2 Comparison of Experimental Results to Probabilistic 
Theory 
The catalyst used in these experiments is a circular 0.125 in. (0.317 cm) diameter Pt foil 
packed in the microreactor bed with inert quartz particles with diameters between 210 to 
250 µm.  The Pt foil was placed in three different positions inside the microreactor: at the 
very top near the microreactor inlet; in the middle; and at the bottom of the microreactor.  
The Pt foil was placed in the microreactor with the flat circular surfaces facing the 
microreactor inlet and outlet.  The reaction used is CO oxidation because CO oxidation is 
a model reaction to demonstrate conversion for the irreversible reaction of reactant A 
(CO) to produce product B (CO2).  This reaction is ideal for relating the probabilistic 
theory to experimental data. 
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In preparation for TAP pulse response experiments, the Pt foil was pre-treated with a 
continuous O2/Ar flow (20 cc/min for each gas, P = 1 atm, O2/Ar = 1) for 1 hour at 375 
ºC to ensure maximum oxygen adsorption on the Pt foil surface.  After pre-treatment, the 
slide valve was opened, evacuating the microreactor and configuring the system for TAP 
vacuum pulse response experiments.  The microreactor temperature was maintained at 
375 ºC during the course of the experiments to ensure a fast reaction rate.  A series of 
CO/Ar pulses (CO/Ar = 70/30 feed ratio) were injected into the microreactor and CO 
conversion to CO2 was measured using the mass spectrometer.  The CO2 yield, or CO 
conversion (Figure 4.17), was obtained by taking an average of the first 10 CO pulses 
converted to CO2 because this is the range of maximum conversion when the catalyst was 
initially at a completely oxidized state.  The x-axis of Figure 4.17 gives the Pt foil 
position within the microreactor.  Position 0 represents the microreactor inlet and position 
1 represents the microreactor outlet.  The three rectangular boxes represent the 
experimental data in Figure 4.17.  The center of each rectangle gives the measured point 
estimate of CO2 yield for the respective position in the microreactor; the height of the 
rectangle is twice the standard deviation of the measured yield, and the width of the 
rectangle is a rough estimation of the uncertainty in placing the Pt foil in the 
microreactor.  The vertical line segments represent the theoretical values for CO 
conversion.  The line segment gives a range of values, for a fixed position x along the 
length of the reactor, for all values of y from the lower to the upper microreactor walls.  
Figure 4.18 gives a more detailed description for this range when the foil position is at 
the midpoint of the microreactor, x = 0.5, and y is varied.   
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Figure 4.17 Comparison of experimental and theoretical values for CO2 yield/CO conversion as a 
function of Pt foil position in microreactor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18 CO2 yield/CO conversion when x = 0.5 (middle point along axis) and variable y. 
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According to Figure 4.17, when the Pt foil is placed in close proximity to the 
microreactor inlet, CO conversion/CO2 yield is approximately 72%.  In the middle of the 
microreactor and closer to the microreactor outlet, the CO conversion is approximately 
65% and 42%, respectively.  CO conversion is highest when the Pt foil is placed near the 
microreactor entrance due to the transport properties of the CO molecules in the 
microreactor.  In the Knudsen diffusion regime, the diffusivity of each gas in a mixture is 
independent of the composition of the mixture as a whole [22, 23].  When the Pt foil is 
placed near the microreactor entrance, there is a greater probability for CO molecules to 
keep returning near or hit the catalyst particle due to the random (Brownian) motion 
caused by multiple collisions with the inert particles in the microreactor bed.  As the Pt 
foil is moved closer to the microreactor outlet, the probability of CO coming back to the 
Pt foil once it has passed the position where the catalyst is located decreases.  Notice that 
the nature of the random motion of the gas molecules is important for explaining both the 
relatively high yield for a single catalyst particle and the way the yield depends on the 
catalyst position: random motion creates the opportunity for the molecule to return 
multiple times to where the catalyst is located, but the number of returns decreases if the 
distance between the position of the Pt foil and the microreactor outlet decreases.  Once a 
gas molecule reaches the microreactor outlet, it exits the microreactor into the vacuum 
chamber.  
 
Figure 4.18 shows the numerical values for conversion found at x = 0.5 and y is between 
0 and 1.  The range of conversions found numerically for x = 0.5 and 0 < y < 1 is between 
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58 and 77%.  This is compared to the experimental conversion result shown in Figure 
4.17 of 65%.  The qualitative result of decreasing product yield with catalyst position is 
in agreement with what was obtained numerically.  The values for conversion shown in 
Figure 4.17 seem to be in reasonably good agreement with the numerical values shown in 
Figure 4.16 for an idealized TAP experiment with a square catalyst particle.  Despite the 
rather idealized nature of the two dimensional numerical model, the experimental values 
fall within the range of the theoretical values for the first two points, nearer to the 
microreactor inlet.  Greater discrepancy between the numerically and experimentally 
obtained conversions occurs near the microreactor outlet, indicating that gas molecules 
near the exit tend to leave somewhat sooner than expected by the theoretical model.  It is 
possible that near outlet, the Brownian motion approximation is not as good as it is 
deeper inside the microreactor.  It is also possible that the simple square reactor model 
does not serve equally well near the border of transition into the vacuum chamber and a 
more realistic microreactor shape is needed.  It is important to emphasize, however, that a 
careful quantitative comparison between theory and experiment cannot be done on the 
basis of two-dimensional numerical experiments, mainly because Brownian motion in 
dimension 2 is known to differ in important ways from Brownian motion in dimension 3.  
For example, Brownian motion in 3-space is transient whereas in 2-space it is recurrent 
[103].  This suggests that conversion in dimension 3 should be less than in dimension 2 
for comparable configurations of catalyst size and position.   
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4.3 Reaction on Pt Supported Catalysts 
4.3.1 TAP Vacuum Pulse Response Results 
TAP vacuum pulse response experiments were performed on supported catalysts with Pt 
nanoparticles deposited on two types of SiO2 supports (see Chapter 3.2.3 for details on 
catalysts); unimodal porous silica (UPS) support and SBA-15 SiO2 support.  For each 
experiment, the microreactor was packed with seven 400 µm diameter catalyst particles.  
Unlike the single Pt particle experiments, more than one catalyst particle is needed 
because the supported Pt catalysts are not as active as the Pt bulk metal particle.  
Although 7 catalyst particles are used to pack the microreactor, this is still significantly 
less than the amount of catalyst needed for a thin-zone configuration.  The reaction used 
is again the CO oxidation reaction.  The catalyst particles were pre-treated via an O2/Ar 
atmospheric flow (20 cc/min each gas, T = 400 ˚C, P = 1 atm) prior to vacuum pulse 
response experiments.  The TAP pulse response experiments were performed using the 
pump-probe format.  First, a mixture of O2/Ar (O2/Ar = 70/30) was pulsed into the 
microreactor first followed 2 s later by the CO/Ar (CO/Ar = 70/30) pulse.  The total 
collection time was set for 4 s.  The reactant and product exit flow data was collected for 
a series of reaction temperatures.   
 
Figure 4.19 plots the CO2 yield/CO conversion found for the Pt nanoparticles supported 
on the SBA-15 SiO2 support.  Figure 4.20 plots the CO2 yield/CO conversion found for 
the Pt nanoparticles supported on the unimodal porous silica (UPS) support.  
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Figure 4.19 CO2 yield/CO conversion found for Pt nanoparticles deposited on SBA-15 SiO2 
support. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.20 CO2 yield/CO conversion found for Pt nanoparticles deposited on unimodal porous 
silica (UPS) support. 
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Figures 4.19 and 4.20 show similar trends in the CO2 yield found on the O2 pulse, CO 
pulse, and the total CO2 yield found by adding the amount of CO2 produced on both the 
O2 and CO pulses.  The only difference lies in the maximum value of the CO2 yield on 
the CO pulse.  CO2 yield calculated on the CO pulse reaches a maximum of 40% on 
Pt/SBA-15 and 30% on Pt/UPS.  The difference in yields is a result of the amount of 
available surface oxygen.  The SBA-15 support is bimodal in structure; therefore, there 
are more pores as well as a greater surface area than the UPS support.  In greater surface 
area allows for more available sites for oxygen adsorption.  Also, the dependence of yield 
on reactor temperature for the CO pulse is approximately linear.  As the reactor 
temperature increases, the CO2 yield increases as well.  This indicates that as the reactor 
temperature increases, the amount of surface oxygen becomes more available either by an 
increased rate in O2 adsorption, storage of O2 by the catalyst support which results in 
increased rate of movement to the Pt active sites, or an increase in the rate of reaction.  
This will be explored in greater detail in the next section as the performance results 
between the supported Pt catalysts are compared to the Pt bulk metal particle.   
  
The dependence of CO2 yield on temperature found on the O2 pulse is almost identical 
for both types of catalysts.  The same maximum CO2 yield of 15% is achieved at the 
same reactor temperature, 140 ˚C.  This indicates that the amount CO adsorption on both 
types of catalysts is approximately the same.  CO adsorption most likely occurs on the Pt 
nanoparticles and it is temperature dependent.  At lower reactor temperatures, CO 
adsorption is favored and as the reactor temperature increases, the rate of CO desorption 
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also increases.  This results in less CO2 yield because there is essentially less and less CO 
on the catalyst surface for the O2 to react with.  At approximately 140 ˚C, there is a 
turning point in the CO2 yield which means that at this temperature, this is the optimal 
conditions for CO adsorption on the Pt supported catalysts.     
4.3.2 Comparison with Pt Bulk Metal Particle 
In comparison of results with the Pt bulk metal particle (see Figure 4.4C in Chapter 
4.1.2), there are 3 distinct differences in the trends for CO2 production as a function of 
temperature which will give important insight into the role of the catalyst support during 
chemical reaction.  The first difference and most obvious is the significant decrease in 
CO2 yield obtained on the supported Pt catalysts even though there are 7 catalyst particles 
in the microreactor instead of just one catalyst particle.  The single bulk Pt particle is 
extremely active with 95% total CO2 yield in comparison with a maximum of 45% CO2 
yield obtained with the Pt/SBA-15 supported catalyst.  Although more supported Pt 
particles were packed in the microreactor, the supported particles were mostly SiO2 with 
approximately 4-7 wt% of Pt.  This result indicates that reaction between O2 and CO 
molecules occurs on the Pt active material.       
 
The second difference between the CO2 production trends is that for the Pt bulk particle, 
there is a “turning point” at 170 ˚C in the CO2 yield plot on both the O2 pulse and the CO 
pulse.  There is only a “turning point” on the CO2 yield plot on the O2 pulse for the Pt 
supported catalysts.  Although the CO2 yield plot is decreasing gradually on the CO pulse 
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for the Pt particle, it is still decreasing.  Meanwhile, the CO2 yield plots on the CO pulse 
for the supported Pt catalysts are increasing as a function of reactor temperature.  For the 
Pt particle, the slight decrease in CO2 yield on the CO pulse as a function of increasing 
reactor temperature suggests that the O2 content on the catalyst surface is fairly stable.  In 
the case of the supported Pt catalysts, the CO2 yield on the CO pulse is increasing with 
the reactor temperature which suggests that the support is playing a role for oxygen 
storage.  As the temperature increases, the rate at which the oxygen stored on the support 
moves to the Pt nanoparticles increases providing for the extra oxygen for reaction with 
CO; hence increase in CO2 yield.  
  
The final difference is the location of the “turning point” of the CO2 yield plot on the O2 
pulse.  For the Pt particle, the “turning point” occurs at 170 ˚C and for the supported Pt 
catalysts the “turning point” occurs at approximately 140 ˚C.  With the presence of the 
SiO2 support, perhaps the activation energy for O2 reaction with surface CO decreases, 
resulting in the shift to a lower temperature for the “turning point.”   
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Chapter 5 
Selective Oxidation of Furan over VPO 
Catalysts 
This chapter presents results from TAP multi-pulse studies of furan oxidation over 
oxygen-treated VPO catalysts.  Furan is an intermediate formed in the selective oxidation 
of n-butane to produce maleic anhydride (MA).  Furan already has a ring structure similar 
to the molecular structure of MA, except furan has one oxygen atom and the formation of 
MA requires two additional oxygen atoms (Figure 5.1).  Furan is a good probe reactant 
molecule because furan can be used to probe the oxidation state of the VPO catalyst.  
Also, furan oxidation is the simplest to do experimentally because this reaction produces 
the least number of different products to be monitored.     
 
 
 
 
 
 
 
 
 
Figure 5.1 Molecular structures of furan and maleic anhydride. 
Furan
Maleic Anhydride
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In all the experiments, the VPO catalyst was initially oxidized in air at 480 ˚C for 
approximately 10 minutes with the slide valve closed.  After the initial oxidation, the 
slide valve was opened to configure the reactor for TAP multi-pulse vacuum pulse 
response experiments.  A series of pulses that contained the reactant (furan = 60%) and 
inert (argon = 40%) gases were sent into the microreactor to reduce the oxidized VPO 
catalyst for a series of reactor temperatures ranging from 400 to 480 ˚C.  The reduction 
with furan proceeded until the selective product, maleic anhydride, was no longer being 
produced.  During the reduction experiment with furan, the pulse responses for the 
reactants and products (furan, maleic anhydride, CO2, CO, argon) were monitored 
separately.  The microreactor configuration was a thin-zone configuration with 40 mg of 
VPO catalyst ranging in diameters from 210-250 µm packed in the center of the 
microreactor surrounded by inert quartz particles of the same size.  The microreactor 
length is approximately 1 inch and the catalyst zone thickness is approximately 10 
percent of the total microreactor length.     
 
5.1 Temperature Dependence of Product Yield 
and Reactant Conversion 
Figures 5.2 – 5.5 presents plots of furan conversion and product yields versus pulse 
number for four different reactor temperatures (400, 430, 450, and 480 ˚C).  Furan 
conversion is relatively the same as a function of pulse number for all four temperatures.  
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However, what is changing is the selectivity of the products as the reaction temperature 
changes (Figures 5.6 – 5.8).  At approximately pulse number 28, there is essentially no 
more MA being produced and the selectivity is split between the two non-selective 
products, CO2 and CO. 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Furan conversion as a function of pulse number for four different reactor 
temperatures. 
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Figure 5.3 MA yield as a function of pulse number for four different reactor temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
 
 
Figure 5.4 CO2 yield as a function of pulse number for four different reactor temperatures. 
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Figure 5.5 CO yield as a function of pulse number for four different reactor temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Selectivity of MA as a function of pulse number for four different reactor 
temperatures. 
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Figure 5.7 Selectivity of CO2 as a function of pulse number for four different reactor 
temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 Selectivity of CO as a function of pulse number for four different reactor 
temperatures. 
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In Figure 5.2, furan conversion during the first pulse is nearly 100 percent.  The products 
that are being produced are maleic anhydride, CO2, and CO.  The furan conversion 
decreases as more and more furan pulses are sent into the microreactor because each 
furan pulse is reducing the VPO catalyst of oxygen to produce the products.  For 
example, in order to produce MA, each furan molecule has to acquire two additional 
oxygen atoms.  In order to produce CO2, each furan molecule dissociates into four carbon 
compounds which must acquire two oxygen atoms each, making the total oxygen needed 
to be eight.  The selective product, MA, yield is highest at the lowest reaction 
temperature of 400 ˚C (Figure 5.3).  As the temperature increases, the MA yield 
decreases, however, the CO2 and CO yields increase.  One of the theories for the 
production of carbon oxides at high temperatures is related to the number of easily 
removable oxygens around an adsorbed surface species.  If the number of easily 
removable oxygens around an adsorbed surface species is too high, then over oxidation 
with the formation of carbon oxides is highly possible [104].  At higher reaction 
temperatures, the selectivity decreases for the favorable product, MA, and this can also 
contribute to the higher formation of less favorable products, the carbon oxides.  Also, at 
higher temperatures, the rate of diffusion of oxygen in the catalyst lattice is much faster.  
If the residence time of adsorbed surface species is long enough, the high mobility of 
oxygen ions at high temperatures would lead to products with a greater number of 
oxygens, and eventually to the formation of carbon oxides.  According to Grasselli and 
Callahan [105], they proposed the “site isolation” principle which requires that clusters of 
sites containing active oxygen should be isolated to prevent the easy diffusion of oxygen 
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to the adsorbed surface species.  In the case of the vanadyl pyrophosphate (VO)2P2O7 
catalyst, the VOx units are isolated in clusters of four by the pyrophosphate groups. 
 
One of the surprising results found from these experiments is that there is a maximum 
observed in the MA yield (Figure 5.3).  The maximum occurred during the second MA 
pulse response collected.  The second MA pulse response actually corresponds to the 
sixth furan pulse sent into the microreactor.  The mass spectrometer and the TAP data 
collection can only observe one atomic mass at a time.  The experiment was set up to 
collect the pulse responses in the following order: MA, CO2, CO, furan, and then argon.  
As the reaction temperature is increased, the maximum in the MA yield is not as 
pronounced.  The maximum observed in the MA yield seems to indicate that there may 
be two types of oxygen species present on the VPO catalyst.  The initial, more readily 
available oxygen on the VPO surface from the oxidation in air may not be as selective as 
the surface lattice oxygen.  Previous TAP multi-pulse experiments on VPO catalyst for n-
butane oxidation suggest that there are two types of oxygen species present [22, 65].  The 
first type is suggested to be the activated species of oxygen formed by the strong 
chemisorption of electrophilic dioxygen molecule.  This type of oxygen species is said to 
be responsible for furan oxidation and butane activation.  It is present in low 
concentrations on the catalyst surface.  The second type of oxygen species is suggested to 
be surface lattice oxygen.  In the selective oxidation of n-butane, the surface lattice 
oxygen is responsible for the allylic oxydehydrogenation of olefins and for oxygen 
insertion with ring closure to form furan.  The origin of oxygen incorporated into the n-
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butane selective oxidation reaction is still a matter of debate.  Some authors suggest that 
both chemisorbed and lattice oxygen participate in the production of maleic anhydride 
from n-butane oxidation [104].  Using isotopic labeling with oxygen-18 and following 
the production of maleic anhydride, others have proposed that only lattice oxygen is 
active for MA formation [66].  Based on the furan oxidation results from this dissertation, 
it suggests that both the chemisorbed dioxygen from the initial oxidation with air and 
surface lattice oxygen is responsible for the production of MA.  However, the 
chemisorbed dioxygen is not as selective for the formation of MA as the surface lattice 
oxygen.   
 
This result is confirmed by a similar experiment in which instead of initially oxidizing the 
VPO catalyst in air, it is oxidized by an O2/Ar (O2/Ar = 7) atmospheric flow at 480 ˚C for 
15 minutes.  Also, more VPO catalyst was packed in the microreactor, approximately 110 
mg.  The catalyst was then probed with a furan/Ar gas mixture under TAP vacuum pulse-
response conditions for a series of temperatures ranging from 400 to 480 ˚C.  The MA 
yield calculated from the oxidation with an atmospheric flow of oxygen exhibited similar 
trends to the MA yield obtained from oxidation in air (Figure 5.9).  A maximum in MA 
yield was also observed as a function of pulse number.  Also, the highest MA yield was 
found at the lowest reaction temperature of 400 ˚C.  The differences lie in the number of 
furan pulses needed to reduce the oxidized VPO catalyst because there was more catalyst 
packed in the microreactor which means more active sites for oxygen storage.   
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Figure 5.9 MA yield obtained with VPO catalyst oxidized in an atmospheric flow of O2/Ar at 
480 ˚C.  
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catalyst state can be characterized by directly measuring the integral or cumulative 
amount of reactant (e.g. furan) converted to reach the final reduced state.  Instead of 
looking at the catalyst state in terms of the amount of reactant converted, the catalyst state 
can also be defined in terms of how much oxygen is removed from the catalyst.  The 
amount of oxygen removed from the catalyst can be denoted by a catalyst state scale as 
the “catalyst oxidation degree.”  A catalyst oxidation degree of 1 indicates that the 
catalyst is completely oxidized, and a catalyst oxidation degree of 0 indicates that the 
oxygen is almost completely removed from the catalyst.   
  
Figures 5.10 – 5.13 plots the apparent kinetic constants for furan, MA, CO2, and CO as a 
function of the catalyst oxidation degree.  As can be seen from Figures 5.11 – 5.13, the 
apparent kinetic constant for the product MA is different than the apparent kinetic 
constants for CO2 and CO.  This indicates that there are two separate reaction routes: one 
reaction route for MA production and another route for CO2 and CO production.  This is 
consistent for the theory that there may be two different types of active sites on the VPO 
catalyst.   
  
The apparent kinetic constants for all the gases are decreasing as the catalyst is further 
reduced.  The apparent kinetic constant for MA is decreasing almost linearly with the 
catalyst oxidation degree for all the reaction temperatures.  This may reflect that there is a 
specific site on the VPO catalyst particularly for MA production.  The MA apparent 
kinetic constant decreases linearly because there is less and less available MA-specific 
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oxygen on the catalyst surface.  Meanwhile, the apparent kinetic constants for CO2 and 
CO are decreasing nonlinearly with respect to the catalyst oxidation degree.  According 
to the Shekhtman dissertation [106], a nonlinear decrease in the apparent kinetic constant 
with the catalyst oxidation degree may reflect the influence of oxygen exchange between 
the surface and bulk oxygen.  Initially, the apparent kinetic constants for CO2 and CO are 
almost constant and in some parts even increasing as a function of the catalyst oxidation 
degree.  This can be caused by either an abundant amount of surface oxygen specific for 
CO2 and CO production or a fast supply of sub-surface oxygen to the VPO surface.  The 
sharp decrease in the apparent kinetic constant for CO2 and CO at a low catalyst 
oxidation degree may be caused by a slow supply of bulk oxygen to the VPO surface.  
The nonlinear dependence of the apparent kinetic constants as a function of the catalyst 
oxidation degree is usually an indication that the reaction is a multi-step reaction, with a 
minimum of at least two steps in the reaction scheme, with participation of catalyst 
oxygen (i.e. sub-surface oxygen, different types of active oxygen specific for the 
production of particular products).  The analysis using apparent kinetic constants is only 
preliminary and represents the complexity of the VPO catalyst system.  Using furan as 
the reactant probe is the simplest route for understanding the VPO catalyst for the 
production of maleic anhydride.  However, if n-butane were used as the reactant probe, it 
would be an even more complicated process with more independent reaction routes and 
specific intermediates to keep track of.  The exact mechanism for furan oxidation over 
VPO catalysts is still under debate.  In the next section, we will examine real TAP pulse 
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response data to give more insight into the mechanism for furan oxidation over VPO 
catalysts.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 Apparent kinetic constant for furan versus catalyst oxidation degree. 
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Figure 5.11 Apparent kinetic constant for maleic anhydride versus catalyst oxidation degree. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12 Apparent kinetic constant for CO2 versus catalyst oxidation degree. 
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Figure 5.13 Apparent kinetic constant for CO versus catalyst oxidation degree. 
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gas adsorption behavior such as whether it is irreversibly or reversibly adsorbed to the 
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5.17 to give a clearer picture of the progression of change in the exit flow pulse curves.  
The insets in Figures 5.18 – 5.21 show height normalized pulse response curves from an 
initial curve in the 3-D plot compared to a latter curve in the 3-D plot when the catalyst is 
further reduced to show any changes in the pulse curve characteristics.  Figure 5.22 plots 
the argon zeroth moment (M0) as a function of the pulse number to show that the pulses 
sent into the microreactor are consistent, and that the reactant and product pulse 
responses are real.         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14 TAP pulse response 3-dimensional exit flow curves for the reactant furan obtained 
over thin bed of VPO catalysts at 400 ˚C. 
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Figure 5.15 TAP pulse response 3-dimensional exit flow curves for MA obtained over thin bed 
of VPO catalysts at 400 ˚C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.16 TAP pulse response 3-dimensional exit flow curves for CO2 obtained over thin bed 
of VPO catalysts at 400 ˚C. 
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Figure 5.17 TAP pulse response 3-dimensional exit flow curves for CO obtained over thin bed of 
VPO catalysts at 400 ˚C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.18 Individual pulse response curves for furan plotted from the 3-D graph in Figure 5.14 
obtained over thin bed of VPO catalysts at 400 ˚C. The inset shows the height normalized pulse 
curves for pulse 8 and 30. 
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Figure 5.19 Individual pulse response curves for MA plotted from the 3-D graph in Figure 5.15 
obtained over thin bed of VPO catalysts at 400 ˚C. The inset shows the height normalized pulse 
curves for pulse 8 and 15. 
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Figure 5.20 Individual pulse response curves for CO2 plotted from the 3-D graph in Figure 5.16 
obtained over thin bed of VPO catalysts at 400 ˚C. The inset shows the height normalized pulse 
curves for pulse 1 and 15. 
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Figure 5.21 Individual pulse response curves for CO plotted from the 3-D graph in Figure 5.17 
obtained over thin bed of VPO catalysts at 400 ˚C. The inset shows the height normalized pulse 
curves for pulse 1 and 15. 
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Figure 5.22 Graph of argon zeroth moment (M0) plotted against the corresponding pulse number 
at 400 ˚C.  This shows that the pulse valve is very consistent and each pulse contains 
approximately the same number of gas molecules sent into the microreactor. 
 
Looking at Figure 5.18, the pulse shape for furan is not changing much as more and more 
furan pulses are introduced into the microreactor.  What is changing is the amount of 
furan coming out of the microreactor exit because the catalyst is changing from an 
oxidized state to a reduced state.  As oxygen on the VPO catalyst is being used up, there 
is less available oxygen for the furan to react with; therefore, as more furan pulses are 
sent into the microreactor, an increasing portion of the pulses leave unreacted.   
  
The MA exit flow pulse response curves in Figure 5.19 show that the largest amount of 
MA produced is during the first pulse because at the beginning, the VPO catalyst is at its 
0
0.5
1
1.5
2
2.5
3
0 10 20 30 40 50 60 70
Pulse Number
A
rg
o
n
 
M
0
Pulse Number
Ar
go
n
 
Ze
ro
th
 
M
o
m
e
n
t (M
0)
   132 
 
most oxidized state.  There is more oxygen on the VPO catalyst for the furan pulse to 
react with.  Notice in the inset in Figure 5.19 that the MA pulse response curve widens 
with increasing pulses of furan.  This widening of the MA pulse curve indicates that as 
the VPO catalyst reaches a more reduced state, it takes longer for a furan gas molecule to 
find available oxygen to react with to produce MA.   
  
The most drastic change observed in the exit flow pulse response curves is the one for 
CO2 (Figures 5.16 and 5.20).  As the VPO catalyst is reduced with furan pulses, the CO2 
production decreases and the pulse shape changes from a single peak to a double peak.  
Compared to the pulse response curves for CO (Figure 5.21), it can be clearly seen that 
CO2 and CO are two separate products that may be formed from two separate reaction 
pathways.  The CO pulse response curves do not exhibit a double peak.  An explanation 
for the double peak seen on the CO2 pulse curves can be related to how the CO2 is 
formed.  As the VPO catalyst is reduced, there is less available oxygen, therefore, the 
CO2 production decreases.  The initial CO2 production is produced mostly from surface 
oxygen that is readily available from the initial oxidation in air.  This type of oxygen may 
be specific for the production of CO2 and CO.  Recall from the previous section that we 
proposed there may be two forms of active oxygen on the VPO catalyst: one type for the 
production of MA and another type for the production of CO2 and CO.  As time passes 
and the catalyst is reduced further (see inset in Figure 5.20), the CO2 exit flow pulse 
curve widens considerably and the appearance of the double peak is observed.  The initial 
first peak in the CO2 double peak curve may suggest a portion of the CO2 produced is 
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still coming from the reaction of furan with oxygen on the VPO surface, although now it 
is probably sub-surface oxygen.  The second, latter peak in the CO2 double peak can be 
explained by two ways.  The first explanation is that the second peak in the CO2 curve is 
a result of a time delay for a furan molecule to find oxygen to react with.  Because the 
VPO catalyst is in an almost completely reduced state, there is no more readily available 
surface and sub-surface oxygen, therefore, the furan molecule has to find lattice oxygen 
to react with.  The problem with this explanation is why we do not see this same double 
peak behavior for CO production.  The reason is that CO production is not as an oxygen-
rich process as that for the production of CO2.  Another explanation for the CO2 double 
peak is that the second peak is the result of CO2 production from another pathway, for 
example the dissociation of MA to CO2 [11].  Another detail found in the exit flow pulse 
response curves of CO2 and CO to support the previous theory is the time it takes for the 
entire product to come out of the microreactor during a single furan pulse.  For example, 
it takes approximately 4 seconds for the CO pulse in its entirety to come out of the 
microreactor (Figure 5.21).  In comparison, it takes almost 8 seconds for the CO2 pulse to 
completely come out of the microreactor (Figure 5.20).  This time difference may be used 
to explain that a portion of the CO2 produced is from a slower, secondary mechanistic 
step. 
  
One of the experimental lessons learned and observed from the furan oxidation 
experiments over VPO catalysts is to set a long data collection time so that enough time 
is allocated for the entire CO2 pulse response curve to come out of the microreactor.  If 
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the collection time is set too short, then during a furan pulse, not all of the CO2 is 
collected coming out of the microreactor.  Therefore, when the next furan pulse is sent 
into the microreactor, there is still leftover CO2 on the VPO surface from the previous 
pulse.  This results in a build-up of CO2 on the catalyst surface which interferes with 
accurate data measurements.  The original collection times were set for 4 seconds and 7 
seconds.  However, as you can see from the CO2 data (Figure 5.20) that even 7 seconds is 
not enough time for all of the CO2 to exit the microreactor.  Finally, a collection time of 
13 seconds was set to ensure enough time for all of the CO2 pulse to exit the 
microreactor. 
  
The main idea from this section is to show that a tremendous amount of information can 
be gathered simply by looking at the raw TAP pulse response curves, without any 
mathematical analysis.  Just by looking at the pulse data, we were able to come to the 
conclusion that furan oxidation over VPO catalysts may involve two separate reaction 
pathways.  The first pathway is the reaction of furan with oxygen to produce MA, CO2, 
and CO.  The second pathway is the dissociation and oxidation of MA to produce CO2. 
 
5.4 Observation of VPO Structure Sensitivity 
The ability to visually detect catalyst structural changes is typically reserved for surface 
science techniques.  Although the TAP reactor system cannot perform catalyst surface 
analysis in situ right now, it can relate a change in the kinetics to a change in the catalyst 
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structure and composition.  The small amount of gas molecules sent into the microreactor 
during a single pulse does not alter the catalyst surface composition significantly; 
therefore, minute changes in the activity can be monitored.   
  
The furan oxidation experiments over VPO catalysts were performed by collecting five 
different atomic masses during the same experiment (MA, CO2, CO, furan, and argon).  
Recall as previously stated, the TAP data acquisition system and mass spectrometer can 
only collect one atomic mass per furan pulse at a time.  Therefore, for every atomic mass 
collected, it corresponds to every fifth furan pulse.  For example, the first MA pulse 
response curve observed corresponds to the first furan pulse sent into the microreactor 
because MA was set to be the first atomic mass to be collected.  The second MA pulse 
response curve collected does not correspond to the second furan pulse sent into the 
microreactor; instead it corresponds to the sixth furan pulse sent into the microreactor.  In 
order to capture the MA production during the lapsed period between furan pulses, an 
experiment was conducted in which only MA and argon was collected.  Instead of 
collecting the MA response for every fifth furan pulse, now the MA is obtained for every 
other furan pulse.  Also, the number of furan molecules sent into the microreactor per 
pulse was lowered significantly to probe the VPO catalyst even further.  Typically, one 
reactant pulse contains on the order of 1014 gas molecules.  During these experiments, the 
pulse valve voltage was lowered so that during one reactant pulse approximately 1012 
furan molecules were sent into the microreactor.  The goal of these experiments was to 
understand what is occurring on the VPO catalyst during the beginning of the furan 
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oxidation when there was a maximum observed during the production of MA (see Figure 
5.3 in Section 5.1).  A surprising phenomenon was found as a result of these experiments 
which demonstrated the sensitivity of the TAP technique.   
  
Figure 5.23 shows the 3-D plot of MA collected for every other furan pulse sent into the 
microreactor at 400 ˚C (TAP vacuum pulse response experiments).  The VPO catalyst 
was oxidized the same way as previous experiments by exposing it to atmospheric air at 
480 ˚C for 10 minutes.  Figure 5.23 shows that there is a step increase in the amount of 
MA produced during the very beginning of furan oxidation.  Figure 5.24 plots the areas 
under the MA pulse response curves shown in Figure 5.23 (zeroth moment) normalized 
to the argon pulse response as a function of the furan pulse number.  The MA produced 
during the first furan pulse starts off low indicating that the initial surface oxygen is not 
as selective.  Then, the MA production rises and reaches the first plateau.  At 
approximately pulse 10, the MA production increases again and reaches a second plateau.  
At approximately pulse 25, the MA production drops and decreases gradually as oxygen 
is being depleted from the VPO catalyst.  The sudden increases in the amount of MA 
produced could suggest that as the initial, outermost layer of oxygen atoms is removed 
from the VPO surface, the oxygen underneath is actually more active.  Also, if too much 
oxygen is present on the VPO surface, there are less available active sites for furan 
adsorption.  As more oxygen is removed, the furan molecule has more available sites to 
adsorb on the VPO surface and then react with oxygen atoms in its vicinity.  The second 
plateau observed from Figure 5.23 could indicate that the first or second monolayers of 
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surface oxygen are the most active and selective for MA production.  After the surface 
and sub-surface oxygen is removed, the MA production decreases steadily because the 
oxygen supply is diminishing and is mostly supplied by VPO lattice oxygen.  The two 
plateaus observed on the MA production plot could also suggest a rearrangement of the 
VPO surface atoms to allow for a more selective and active orientation.  With an 
improvement in the TAP reactor system design, kinetic experiments could be performed 
in situ with catalyst surface analysis to confirm this conclusion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.23 3-D plot of MA production obtained with smaller furan pulses at 400 ˚C.  Each MA 
pulse response curve was collected during every other furan pulse sent into the TAP microreactor.   
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Figure 5.24 MA normalized zeroth moment found from the areas under the MA pulse response 
curves shown in Figure 5.23.   
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Chapter 6 
Conclusions 
The work presented in this dissertation is dedicated to a greater understanding of catalyst 
development and characterization.  The time it takes for a catalyst to be commercialized 
may take many years of research.  The goal of the experimental work in this dissertation 
is to introduce new approaches for catalyst characterization using the TAP reactor system 
to simplify and shorten the time for the catalyst development process.  At the same time, 
a tremendous amount of information related to the catalyst structure and composition can 
be gathered using TAP experiments to understand the catalytic performance.  TAP 
vacuum pulse response, temperature-programmed, pump-probe, and steady-state 
experiments can be performed on different catalyst samples to obtain kinetic parameters 
and understand the role of reactive species on the catalyst surface.  In particular, two 
types of catalytic systems were studied in this dissertation.  The first system is CO 
oxidation on Pt catalysts (Pt powder particle, Pt foil, Pt supported on SiO2).  One of the 
most significant results found from these experiments was the high conversion of CO on 
a single 400 micron Pt particle packed in a bed among approximately 100,000 inert 
quartz particles.  The main results for CO oxidation on Pt catalysts are listed below. 
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1) With a single 400 micron diameter Pt particle packed in the center of the 
microreactor bed surrounded by inert quartz particles with diameters between  210-
250 microns, 95 percent conversion of CO was obtained at 170 ˚C. 
 
2) The new TAP reactor configuration, the single particle configuration, has 
demonstrated the high sensitivity of the TAP reactor and the ability to compare 
kinetic characteristics of the same catalyst under both high vacuum and atmospheric 
pressures.  Experiments performed under vacuum and atmospheric pressures exhibit a 
“turning point” at 170 ˚C, which indicates a transition from the  O2 dominating regime 
to the CO dominating regime (or vice versa) on the Pt single particle.  In both cases, 
the “turning point” temperature is about the same at 170 ˚C.  Therefore, the “turning 
point” temperature is the pressure independent characteristic which is governed by 
the steps of the complex catalytic processes with no participation of gas reactants or 
products (e.g. CO desorption, interaction between adsorbed oxygen and CO).  The 
fact of observation of such pressure independent characteristic creates a new 
possibility for bridging across the pressure gap. 
 
3) Experimental data obtained with a Pt foil catalyst support a theoretical, 
probabilistic mathematical model based on the principle of Brownian motion.  The Pt 
foil is placed in three different locations axially in the center of the microreactor.  A 
conversion profile created from the probabilistic model show good agreement with 
the experimental data.  Conversion near the microreactor inlet is the highest and 
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conversion at the microreactor outlet is the lowest.  The conversion profile can be 
explained by the Knudsen diffusion of gas molecules inside the TAP microreactor.  
When the catalyst is placed near the microreactor inlet, gas molecules have a greater 
probability to return to the active catalyst particle by random motion from hitting the 
catalyst particle, inert quartz particles, or the microreactor walls.  When the catalyst 
particle is placed near the  microreactor outlet, the probability for the gas molecules to 
return to the catalyst is less because it is near the vacuum chamber which draws the 
gas molecules out  of the microreactor.   
 
4) Similar CO oxidation experiments performed on Pt nanoparticles supported on 
SiO2 demonstrate the role of the support material in the chemical reaction.  At high 
reaction temperatures, some oxygen is sitting on the surface of the SiO2 and the rate 
at which oxygen is supplied to the active Pt nanoparticles increases, allowing for an 
increase in the amount of CO2 produced. 
 
5) TAP pump-probe experiments performed on the single 400 micron Pt particle 
demonstrated the surface lifetime of reactive adspecies on the catalyst surface by 
varying the time between the oxygen and CO pulses.  As the time delay between the 
oxygen and CO pulse is increased at high reaction temperatures, the oxygen lifetime 
on the Pt surface decreases dramatically compared to the same  experiment performed 
at a lower reaction temperature.  At high reaction temperatures, there may be some 
exchange of surface oxygen with the bulk. 
   142 
 
The second catalytic system studied is furan oxidation over VPO catalysts.  In this 
system, a thin zone containing 40 mg of VPO catalyst particles (210-250 microns) was 
packed in the center of the microreactor surrounded by inert quartz particles (210-250 
microns).  The experiment was carried out by first oxidizing the VPO catalyst in air at 
480 ˚C and then reducing the catalyst with a series of furan pulses under TAP vacuum 
pulse response conditions.  The main results for the furan oxidation studies over VPO 
catalysts are highlighted below. 
 
1) The selective product, maleic anhydride (MA), exhibited a maximum in the yield 
close to the beginning of the experiment.  This indicates that the initial surface 
oxygen from the oxidation in air is not as selective as the oxygen underneath the first 
layer. 
 
2) As the VPO catalyst is further reduced with furan pulses, the selectivity for MA 
decreases and increases for the non-selective products, CO2 and CO. 
 
3) The maximum yield observed for MA occurred at the lowest reaction temperature 
taken at 400 ˚C.  At higher reaction temperatures, up to 480 ˚C, furan tends to  oxidize 
and dissociate to CO2 and CO. 
 
4) The time for CO2 to come out of the microreactor was considerably longer than 
the rest of the products formed.  This indicates that CO2 may be formed from a 
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secondary mechanistic step.  For example, part of the CO2 could be formed from the 
oxidation of furan and another portion could be formed from the oxidation of MA. 
 
5) By lowering the pulse intensity of the furan pulses, more detailed information 
regarding surface processes on the VPO catalyst can be observed.  By only collecting 
the MA and argon pulse responses, step increases (two plateaus) in the amount of MA 
produced was observed during the beginning of the experiment.  This could be the 
result of a rearrangement of surface atoms of the VPO catalyst to achieve a more 
selective orientation or we are observing the removal of the immediate surface layer 
of oxygen atoms.  This supports our previous conclusion that the initial layer of 
oxygen on the VPO is not as selective.     
   
 The TAP reactor system is a powerful tool to unravel kinetic characteristics of simple 
and complex catalytic materials.  The work presented in this dissertation provides a small 
part to a much larger, complex problem of relating the surface composition of a catalyst 
to its activity and selectivity.  However, with a combination of new experimental 
techniques and equipment development, the gap between surface science and industrial 
research can be bridged.    
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Chapter 7 
Recommendations for Future Work 
This project was focused on the introduction of a new TAP microreactor configuration 
known as the single particle TAP microreactor.  In this configuration, a single Pt catalyst 
particle is placed in the reactor bed surrounded by 100,000 inert quartz particles.  The 
oxidation of CO was selected as a simple test reaction.  The single particle experiments 
open the realm for new experiments to provide a fundamental understanding of catalysts 
and their performance.  For example, the single particle can be defined by a variety of 
materials ranging from structural complexity from single crystals to mixed metal oxides.  
The materials can then be tested with the appropriate catalytic system.  Coupled with 
reactor development, these experiments can provide valuable information and insight in 
the field of catalysis and reaction engineering to understand catalysts and their behavior 
for certain reaction systems, provide understanding of gas transport processes inside the 
reactor, and with careful experimentation can simplify the catalyst development process.  
Before these goals can be realized, a continuation of the single particle experimental 
work needs to be accomplished to support the development of the single particle TAP 
microreactor mathematical and theoretical model.  The following is a list of possible 
experiments that still needs to be performed:  
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1) A more comprehensive study of the placement of the single catalyst particle in the 
microreactor needs to be performed to support the probabilistic theoretical model.  
The catalyst particle needs to be placed in various locations in the microreactor in 
both the axial and radial directions.  This helps one to understand the transport 
behavior of gases in different locations of the microreactor.  If the transport properties 
of gases in the microreactor were uniform, then conversion should be the same 
regardless of the position of the catalyst particle in the microreactor bed at one 
reaction temperature.     
 
2) In terms of understanding catalyst structure activity relationships, it would be 
interesting to place a single crystal in the TAP microreactor.  This would create a 
bridging step between surface science and conventional reactor systems.  
Experiments have already been performed on a single bulk catalyst particle and 
supported catalysts but experiments have never been performed on single crystals in 
the TAP microreactor.  Different single crystal orientations can be studied to 
understand how surface structure changes activity.  In continuation with the CO 
oxidation experiments on Pt, it would be interesting to test out the Pt(111) orientation 
because of its dense atomic packing and its surface structure stability during the 
course of the CO oxidation reaction.  There are companies who can make the single 
crystals to specified dimensions.  For example, the Pt(111) crystal could be made to 
be a cylindrical disk, so when placed in the TAP microreactor, the top and bottom 
faces of the crystal will be facing towards the inlet and outlet of the microreactor to 
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ensure maximum surface contact with any input gases.  One of the benefits of using 
surface science techniques is the ability to monitor changes in the single crystal 
structure during the course of an experiment.  By studying the single crystal in the 
TAP reactor, any changes in structure can be monitored by a change in the kinetics.  
For example, through a series and repetition of experiments by increasing and 
decreasing the reactor temperature, the CO2 production can be monitored to see if it 
changes through the course of the experiments.  If changes in the CO2 production is 
observed, then it can be noted that there may be changes in the orientation of surface 
atoms on the Pt(111) single crystal and certain surface atom arrangements may be 
more active than others.  Another method to test whether the Pt(111) single crystal 
undergoes any atomic surface arrangements is to let the single crystal move in and out 
of the microreactor over a period of time.  Kinetic characterization can be performed 
before and after set periods of time, and any changes in product yields can be related 
to changes in the single crystal atomic surface orientations, if any change is observed 
at all.  As a check, a scanning electron microscope (SEM) can be used to record 
images of the Pt(111) surface before and after experiments to see if there is any 
changes in the arrangement of surface atoms.   
 
3) Coupled with catalyst fabrication, experiments can be performed using a single 
catalyst particle by depositing different amounts of active substance on each catalyst 
support.  Then TAP experiments can be performed on the different catalyst samples 
to determine if there are any changes in the kinetics.  A change in the kinetics for the 
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different catalyst samples can be related to a change in the amount of active material 
on each catalyst particle.     
 
4) One of the unique features of the TAP experiment is the transport of gases in the 
microreactor known as Knudsen diffusion.  The amount of gas sent into the 
microreactor per pulse is very small in relation to the volume of the microreactor.  
The trajectory of the gas molecules in each pulse can be modeled by a random motion 
or walk inside the microreactor because the gas molecules are hitting the inert 
particles, reactor walls, thermocouple, or the catalyst particle before exiting the 
microreactor into the vacuum chamber.  A possible experiment that can be performed 
to prove the high conversion achieved with a single catalyst particle in a packed bed 
TAP microreactor is to simulate the same experiment except there is no packed bed of 
inert particles inside the microreactor.  The active single Pt particle will have to be 
suspended on a thermocouple tip.  In this experiment, a fast response time, stainless 
steel thermocouple will be used as a substrate to deposit Pt metal on its tip.  Fast 
response time thermocouples typically have very thin probes and in order to deposit 
Pt metal on the tip, we must be sure that the TAP reactor is sensitive enough to catch 
activity from a very minute amount of catalyst.  Deposition of metals on 
thermocouple tips enables us to find close to exact temperature profiles of the catalyst 
in the microreactor.  We may also be able to detect the amount of exothermic heat 
given off during reaction, or the amount of heat rise associated with adsorption of 
reactant gases.  This experiment requires the construction of a new microreactor 
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where there is a side fitting that allows for the removal and replacement of the 
thermocouple.  The current microreactor has a removable screen at the outlet where 
inert and catalyst particles can be packed with a stationary thermocouple on the inside 
of the microreactor.  However, if we wanted to deposit different amounts of Pt metal 
on the thermocouple tip, we would need to transfer the thermocouple in and out of the 
microreactor constantly.  Therefore, the new microreactor with a vacuum tight side 
fitting to accommodate the thermocouple will be convenient and necessary for these 
experiments.  The hypothesis is that without a packed bed of inert quartz particles, 
conversion will be extremely low with only a single catalyst particle in the 
microreactor.   
 
In regards to the VPO experiments, further tests should be performed using other reactant 
gases besides furan to probe the oxidative state of the VPO catalyst for the production of 
maleic anhydride.  For example, experiments can be performed using the other 
intermediate products formed from the n-butane to maleic anhydride process as the 
reactant gas such as butenes and butadiene.  For the n-butane oxidation reaction to 
produce maleic anhydride, the first step of n-butane activation is the rate determining step 
of the reaction, therefore, information on the reactivity and kinetics of the consecutive 
steps in the reaction can only be obtained by studying the kinetics of the intermediate 
olefin products.  By studying different reactant gases such as butenes, butadiene, and n-
butane, one can try to understand the oxygen source on the VPO catalyst.  For example, 
when 1-butene is used as the reactant, the amount of lattice oxygen incorporated in the 
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products of reaction is much higher than when n-butane is used as the reactant [65].  This 
indicates the substantial difference in the reactivity and the type of interaction of 1-butene 
and n-butane to the oxygen on the VPO.  Another experiment that is useful in 
understanding the active phase of VPO catalysts for maleic anhydride formation is to 
deposit controlled amounts of vanadium atoms to the surface of the VPO catalyst.       
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Appendix A 
 
Calibration of Pulse Valves 
 
 
TAP vacuum pulse response experiments measure the amount of gas leaving the 
microreactor outlet.  However, the amount of gas sent into the microreactor needs to be 
calibrated in order to ensure that the pulse valves are operating in the Knudsen diffusion 
regime.  Also, the number of gas molecules sent into the microreactor can be used to 
calculate conversion data if one knows the ratio of reactant/inert in the gas blend.  Figure 
A.1 shows a schematic of the assembly used to calibrate the pulse valves.  The assembly 
contains a known volume, two 2-way valves, a manometer that can measure the pressure, 
and 1/16-inch diameter stainless steel tubing.  The known volume used was a U-shaped 
¼-inch diameter stainless steel tubing that was weighed before and after being filled with 
water.  The difference in mass and the density of water can be used to calculate the 
volume.  A 2-way valve was connected to either end of the U-shaped tubing.  One of the 
2-way valves was connected directly to the inert gas tank (argon) and the other valve was 
connected to the pulse valve.  In between the 2-way valve and the pulse valve, a 3-way 
connector is used to set-up a manometer to measure the pressure.   
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Figure A.1 Schematic of assembly used to calibrate pulse valves. 
 
 
 
The experimental procedure to calibrate the pulse valves is as follows.  Let some gas 
from the argon gas tank to fill the entire calibration assembly and record the pressure 
(P1).  Close the 2-way valve in the middle (leading up to the pulse valve) and evacuate 
the 1/16-inch diameter stainless steel tubing all the way from the middle 2-way valve to 
the pulse valve.  Once that line is evacuated, make sure the 2-way valve connected to the 
argon gas tank is closed.  Open the middle 2-way valve and record the pressure (P2).  P1 
is the pressure in the known volume and P2 is the pressure in the entire calibration 
assembly.  The known volume is already calculated, therefore simply use the equation 
P1V1 = P2V2 to find the volume of the entire calibration assembly (V2).  Start pulsing 
from the pulse valves and measure the pressure drop.  Also make sure to keep track of the 
number of pulses used.  The number of gas molecules per pulse can be calculated using 
the ideal gas law, PV = nRT. 
 
 
Pulse Valve Connected to Gas Tank (Argon)
2-way valvePressure 
Gauge
Known Volume
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The pulse valves are highly dependent on both the pressure in the gas blend tanks and the 
pulse valve voltage, which controls its intensity.  If too much gas is sent into the 
microreactor in a single pulse, the gas transport properties are no longer in the TAP 
Knudsen diffusion regime.  Figure A.2 shows how pressure in the gas blend tank can 
affect the pulse shape.  At high pressures, typically around 35 psia, transport in the 
microreactor is in a transition zone between convective flow and diffusion.  At this 
pressure, it is equal to approximately 1017 gas molecules sent into the microreactor per 
pulse.  A typical TAP Knudsen pulse is on the order of 1013 to 1014 gas molecules per 
pulse.  When too much pressure is in the pulse valves, the appearance of a double peak 
occurs in the pulse response.  The first peak is related to a pressure driven force from the 
pulse valves and the second peak (plateau) is attributed to diffusion of the remaining gas 
molecules in the pulse.  Once gas transport inside the microreactor reaches the Knudsen 
diffusion regime, the shape of the pulse curve should be independent of the pulse 
intensity.     
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Figure A.2 Argon pulse response curves showing the pressure dependence on pulse valve 
operation.   
 
 
Figure A.3 plots the argon pulse response curves at lower pulse intensities in the Knudsen 
diffusion regime (1013 – 1014 gas molecules/pulse).  In Figure A.3, although the size of 
the pulse curves is changing because the amount of gas in each pulse is decreasing, the 
shape of the curves is the same.  The shape of each Knudsen pulse curve can be fitted to 
the standard diffusion curve (Figure A.4).   
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Figure A.3 Argon pulse response curves at low pulse intensities in the Knudsen diffusion regime. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.4 Comparison of experimentally obtained argon pulse response curve and the standard 
diffusion curve. 
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